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"It always seems to me extreme rashness on the part of some when
they want to make human abilities the measure of what nature can do.
On the contrary, there is not a single effect in nature, even the
least that exists, such that the most ingenious theorists can arrive
at a complete understanding of it. This vain presumpt ion of
understanding everything can have no other basis than never
understanding anything. For anyone who had experienced Just once the
perfect understanding of one single thing, and had truly tasted how
knowledge is accompl ished, would recognize that of the infinity of
other truths he understands nothing".
GALILEO GALILEI
'Dialogue Concerning the Two Chief
Vorld Systems' , 1630.
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ABSTRACT
FORMATION OF HYDROGEN LINE AND CONTINUUM EMISSION IN
YOUNG STELLAR OBJECTS
SEPTEMBER 1989
JOSe L ALONSO, B.S.
, UNIVERSITY OF PUERTO RICO
M.S.. UNIVERSITY OF MASSACHUSETTS
Ph.D.. UNIVERSITY OF MASSACHUSETTS
Directed by: Professor John Kwan
We have identified two mechanisms that populate the n=2 level of
hydrogen after the Lyman continuum is depleted. They are: ionization
of N I from its excited states, followed by charge-exchange between
Nil and H I. and Lyfi line wing absorption. Both processes involve
absorption of the sub-Lyman continuum between 11 and 13.6 eV. With
population in level n=2 maintained, the strong Brackett line fluxes
observed from young stellar objects (YSOs) are then produced as a
result of Balmer continuum photoionization.
Performing numerical calculations for four YSOs whose
4
luminosities range from ~ 10 to ~ 10 L^. we conclude that this
two-step process of sub-Lyman continuum absorption followed by Balmer
photoionization can account for a great majority of observed Brackett
line and radio continuum fluxes. The calculated values of Bry/Bra
(0.3 to 1.8) and Pfy/Bra (0.1 to 0.7) are also consistent with
de-reddened observed ratios.
We present a detailed analysis of the dependence of Bry/Bra and
other hydrogen line ratios on the physical parameters of the gas
viii
cloud. We find that Pfy/Bry is nearly independent of the physical
conditions in the emitting gas. Using this result, we present a new
method to estimate the amount of obscuration towards YSOs. For YSOs
of luminosity ~ 10^ - 10* L^. Bry/Bra is moderately useful as an
indicator of distance of the gas cloud from the YSO. If the distance
of the cloud from the YSO can be determined, an estimate of the column
density of the cloud can be obtained from the observed values of
Bry/Bra and Pf/3/Bry.
From the numerical results we estimate that the emitting gas is
likely to occupy the region 5x10^^ - 5x10^* cm. 10*^ - 10^* cm. 10^^ -
10^^ cm. and 2x10^^- 2x10^^ cm for YSOs of luminosities about 10*.
3 2
10
.
10 , and 10 respectively. The nucleon density of the gas
10 12 ~3probably lies in the range 10 - 10 cm , and is higher at a less
luminous YSO. The electron fraction Is small (< 10'/.) and
fairly constant in the region where most of the hydrogen line fluxes
are produced. The temperature In this region is also quite constant,
with a value of 5000 - 7000 K.
ix
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CHAPTER 1
INTRODUCTION
A considerable observational effort has been expended over the
last decade in the hope of understanding star formation. These
observational studies have provided evidence which suggests that most,
if not all, stars experience vigorous episodes of mass loss during
their evolution to the main sequence. On the scale of ~ one tenth of
a parsec, this is evident from the presence of massive bipolar
outflows of CO moving at velocities of ~ 10 km s~\ On a smaller
scale (~ 10^^ cm) observations have revealed shock-excited Herbig-Haro
objects and emission with velocities of ~ 100 km s~^ (for a review
see Lada 1985). In order to understand the magnitude and significance
of such episodes in the evolution of a young stellar object (YSO), we
most observe them on scales of a few tenths of AU. This is beyond
current observational limitations. However, a detailed understanding
of the processes leading to observed spectral features can be used to
provide a better picture of the environment close to the YSO. In this
dissertation we concentrate our effort on the hydrogen line formation
process in the environs of YSOs, in the hope of uncovering the
physical conditions of such regions.
The hydrogen line and free-free radio continuum observations from
YSOs have provided important clues on the physical environment in the
close vicinity of a YSO. These results can be summarized as follows:
1
• The observed hydrogen line strengths are too high to be
explained in terms of recombination lines produced from the
presumed Lyman continuum ionizing photon flux. This
discrepancy has been referred to as the line-excess problem
(Thompson 1982).
• The unreddened hydrogen line ratios, which include Bry/Bra,
Pfr/Bra, and P12/P7, vary from object to object and their
values are not consistent with case B nebular recombination
theory (Simon et al. 1983; Evans et al. 1987)
• The ionized regions of these objects are even more compact (~ a
few AU) than the ultra-compact H II regions (whose typical
radii are about a few tenths of a pc).
• The measured radio continuum fluxes are also not consistent
with the values expected from a fully developed H II region
associated with a ZAMS star of luminosity equal to the infrared
continuum luminosity.
Several mechanisms have been discussed in the literature to
account for the strong hydrogen line fluxes, they include: disk
accretion around a central object as a means of generating the
additional ultraviolet flux (Thompson et al. 1977), thermally
generated line emission in a stellar wind (Krolik and Smith 1981;
Simon et al. 1983), and hydrogen ionization from the n=2 level by the
incident Balmer continuum (a plausibility argument put forth by Simon
et al. 1983).
2
The most promising of these ideas is the possibility that the YSO
Balmer continuum could photoionize hydrogen from the n=2 level. This
is because ZAMS stars with luminosities equal to the observed YSO
luminosities emit the bulk of their photon flux in the Balmer
continuum. However, if photoionization from the n=2 level is
important, two conditions must be met. The first is that the Balmer
continuum photon flux radiated by the star be sufficient to account
for the recombination rate implied by line observations. Thompson
(1984, 1987) has shown that there are indeed more than enough Balmer
continuum photons to account for the observations. The second
condition applies to the gas surrounding the star: it must be able to
absorb the Balmer continuum photons (which place constraints on the
continuum opacity from the n=2 level). It is not clear that the
population in the n=2 level is indeed sufficient to bring forth the
required Balmer continuum opacity. This requires solving,
self-consistently, the equations that govern the ionization,
temperature, and level population of hydrogen. This has not been done
to date.
In the next chapter we outline a theoretical model for the
hydrogen excitation and present the numerical techniques. There we
examine the process of Balmer continuum absorption as a means of
generating the strong Brackett line fluxes.
In Chapter 3 we compared theoretical results with available
observations, and present a method to estimate the amount of
foreground extinction towards YSOS based on a theoretical relation
between Pfy and Bry.
3
In Chapter 4 we study how different line ratios such as Bry/Bra.
Bry/PT, and P12/P7. depend on optical depth, nucleon and electron
densities, and distance from the central object. By understanding
their dependences, we hope to be able to provide new diagnostics for
the physical conditions in the hydrogen line emitting regions around
YSOs. The main conclusions of this dissertation are summarized in
Chapter 5.
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CHAPTER 2
EXCITATION MODEL
2. 1 Introduction
Recent observations indicate that star formation is anything but
a quiescent process. On a scale of ~ 3xlo''' cm matter is flowing out
(velocity ~ 10 Km s~') in a bipolar structure, as revealed by
millimeter molecular line observations (Snell, Loren and Plambeck
1980; Bally and Lada 1983). The input of this energy must have
occurred closer to the young stellar object (YSO). For T-Tauri stars,
this is evident from the presence of strong, shock excited optical and
UV line emission (velocity ~ 100 Km s"^) within ~ 10^^ cm. For more
obscured YSOs, this is shown by the broad hydrogen Bra and Bry lines
(velocity also ~ 100 Km s~^). To gain insight into this phase of
matter ejection in the evolution of a pre-main-sequence star, we
attempt to probe, in this thesis, the physical properties of matter in
the vicinity of a YSO via a detailed analysis of the hydrogen line and
continuum emission.
The most striking result of the hydrogen line observations is the
unexpected strength of the line fluxes. This has been referred to as
the line-excess problem, and is manifest in a comparison between the
photon emission rate in Bra (or Bry) and the emission rate of Lyman
continuum photons by a zero age main-sequence (ZAMS) star of
luminosity equal to the YSO' s (Thompson 1984, 1987). The hydrogen
line flux is generally too high to be accounted for by recombination
and cascade following Lyman continuum photoionization. Also, when
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more than one hydrogen line is observed, the line ratio is usually not
consistent with case B nebular recombination theory.
Several ideas have been advanced to explain the line-excess
problem. Thompson et al. (1977) proposed that additional ultraviolet
flux could be produced from an accretion disk around the central
object. Krolik and Smith (1981) considered thermally excited line
emission in a stellar wind. In their model the lines are optically
thick out to a radius greater than the photospheric radius, and emit
strongly because of the larger surface area. This interpretation does
not require a connection between the hydrogen line flux and the
ionizing flux, but leaves unspecified the source of heating the wind
and unverified the assumption that the hydrogen levels are in thermal
equilibrium. Simon et al. (\9S3) suggested that the Balmer continuum
of a YSO could ionize hydrogen from the n=2 level and produce the
infrared recombination lines. For the great majority of YSOs, there
are indeed more than enough Balmer continuum photons (assuming a YSO
to have the same Balmer continuum as an equally luminous ZAMS star) to
account for the observed line fluxes (Thompson 1987). However the
mechanism of sustaining population in level n=2 in order to produce a
significant Balmer continuum opacity has not been demonstrated, and the
calculations of the efficiency of a Balmer continuum photon (as
opposed to a Lyman one) in producing recombination lines has not been
carried out. Neither have the line ratios been computed to see how
they compare with observed values.
In several respects the hydrogen line emission from YSOs is
reminiscent of that from quasars and active galactic nuclei (AGN).
This latter class of objects shows prominent Lya, Ha, Hp, and Pa
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emission. The Hp/Lya flux ratio is several times greater than that
expected from standard nebula recombination theory. It, too. cannot
be accounted for by UV Lyman continuum ionization, and is explained as
due X-ray heating in the region of a gas cloud beyond the fully
ionized zone, thereby causing coUisional excitation of the Balmer and
higher series lines where Lya is very optically thick and saturated
(Kwan and Krolik 1979, 1981; Weisheit, Shields, and Tarter 1981). In
that region collisional ionization from high n levels, and Balmer
continuum photoionization maintain a substantial electron fraction
which help make the thermalization of Lya more complete, and build up
population from ground state into excited ones. Thus the same
physical processes (photoionization, recombination, collisions,
radiative transfer, etc. ) are at work in the hydrogen line formation
in an AGN as in a YSO. The physical conditions are quite analogous,
too. The gas clouds producing the broad hydrogen lines in an AGN and
in a YSO occupy a region of size ~ 1 £y and ~ 1 AU respectively. With
g
an AGN being ~ 10 times more luminous than a YSO the strengths of the
incident continuum at the respective line-producing gas clouds are
then comparable. In order to absorb the X-ray continuum, and to
populate the hydrogen excited states, an AGN cloud needs to have a
22 "2 8
large column density (> 10 cm ) and a high nucleon density ( > 10
cm '^). These conditions are also the ones necessary to affect either
collisional excitation of the Brackett lines or Balmer continuum
photoionization in a YSO. Thus, with appropriate modifications, the
methods of calculating the hydrogen line formation in an AGN can be
applied to a YSO. The studies of both classes of objects also
complement each other in the following way. The majority of the
7
spectral information on quasars and AGN concerns the lower level
hydrogen transitions, namely. Lya. Ha. H^. and Pa. These lines,
however, are not readily detected from YSOs because of the strong
foreground extinction. The commonly observed lines there are Bra and
Pfr at ~ 4 Mm. and Bry at ~ 2 ^m. The combined data base from both
classes of objects then contains information on the relative
population of hydrogen levels up to level n=8. It will strongly tax
the understanding of hydrogen excitation at high nucleon and column
densities.
In this chapter we will examine the process of Balmer continuum
absorption as a means of generating the strong Brackett line fluxes.
The idea of utilizing the Balmer continuum for photoionization (Simon
et al. 1983) is appealing because a substantial fraction of the
luminosity of a ZAMS star, ranging from ~ 1/3 for a lo'^ L to ~ 1/5G
for a 10 one, is in the Balmer continuum. Even though a YSO may
not have the same continuum distribution, it seems reasonable to
expect that a significant fraction of its luminosity will be at
energies >3. 4 eV. since the temperature range (> 6000 K) needed to
generate those photons is quite accessible. Compared to Lyman
photoionization and collisional excitation. Balmer photoionization
also produces Brackett lines more economically, as it initiates
excitation from level n=2 (Instead of the ground state). The same
argument, however, also points its own weakness. Even though there
may be more than enough Balmer continuum photons to account for the
observed Brackett line fluxes, it does not follow, a priori, that
those photons will be absorbed, since population must be maintained in
level n=Z in order to produce significant opacity. Lya escape.
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two-photon decay, and Ly^ resonance fluorescence on 0 I all cause
de-excitation. This population drain can be replenished by
collisional excitation from the ground state, but this requires heat.'
A certain amount of heating is generated from Balmer photoionization
itself, but it is not clear that it is self-sustaining. Also, when
the Balmer edge opacity is appreciable (> 0.01) the Brackett line
optical depths will be high, and photon trapping and collisions will
slow down the growth of the lines. Thus despite the appeal of Balmer
photoionization, its ability to solve the line-excess problem remains
to be evaluated.
Indeed, we find that Balmer photoionization. by itself, cannot
generate the strong infrared line fluxes observed, particularly for
moderate to low luminosity YSOs (L < 10^ L^). Once the Lyman
continuum is depleted, the gas temperature is too low (-3000 K) to
effectively populate the n=2 level and produce a Balmer continuum
opacity. There are. however, two other processes which are important
(Kwan 1986).^ The first one is ionization from the 2p^ state of
N I. That state lies at -2.4 eV from the ground state and can be
ionized by a 12.16 eV photon (Moore 1971). The N II ion that results
most probably charge-exchanges with a hydrogen atom, producing back a
nitrogen atom and giving rise to an H II ion. Recombination of the
H II ion with an electron and the subsequent cascade populates the n=2
3 2 0
level. In a similar wa,y ionization from the 2p P state of N I by an
'in quasars and AGN this energy is provided by X-ray ionization.
^These two processes are also important in quasars and AGN when
the X-ray flux is weak.
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11 eV photon Will also contribute, but less effectively, because of
the lower population in that state. The second process contributing
to populating the n=2 level is Ly. line wing absorption. Because of
the large natural widths of the Lyman lines a significant fraction of
the incident continuum can be absorbed by the damping wings.
Population of the n=2 level results when the 3p level, excited by the
absorption of a LyB photon in the line wings, decays to the 2s level
instead back to the ground state. To a smaller extent Ly^ line wing
absorption also contributes.
Thus, both ionization from the excited states of N I and by Ly3
(and Lyar) line wing absorption enable population of the n=2 level via
absorption of the continuum between 11 and 13.6 eV (which we shall
henceforth refer to loosely as the sub-Lyman continuum). Both are
slow, and a large column density (> 10^^ cm"^) is needed. Both
processes also generate heat. They populate the n=2 level in excess
of what thermal collisions produce, and heating of the gas occurs when
de-excitation of the n=2 level proceeds by collisions which, at the
densities and column densities encountered in the model calculations,
occur more frequently than two-photon decay and Lya escape. This
heating helps populate the 2p^ state of N I and generate line
photons by collisions. The two processes also indirectly produce a
higher heating rate in the following way. By providing a higher
population in level n=2 than otherwise attained, they enable a faster
absorption of the Balmer continuum and hence a higher heating rate.
As a result, until the sub-Lyman continuum is depleted the gas
temperature is generally > 5000 K. It should be noted that, by
themselves, ionization from the excited states of N I and Lyft line
10
wing absorption cannot produce the observed infrared line fluxes.
This is because even if every photon in the sub-Lyman continuum produced an
ionization of hydrogen there are not enough of them to account for the
observed fluxes. So Balmer photoionization is indeed the source for
the strong line emission. However, it is the sub-Lyman continuum that
dictates the fraction of the available Balmer continuum that will be
absorbed.
In the next section we put these concepts into a quantitative
model. In Section 2.3 we present results of Bra and Br^ fluxes for 4
YSOs with luminosities ranging from ~ 10^ to ~ 10 L We discuss in
o
section 2.4 how the Brackett line fluxes help determine the location
and mass of the emitting gas. The next chapter to examines how the
different line ratios {e.g., Bry/Bra, Pfy/Bra) and the radio continuum
flux compare with observations.
For those readers who are not interested in details of the
calculations and results they can proceed to Section 2.4 where a
summary of the main points is given.
2.2 Model
The strength of Bra (or Bry) emission clearly depends on the
distance of the hydrogen gas from the YSO. At a very large distance
the incident sub-Lyman continuum flux is weak. The population in
level n=2, and hence the Balmer continuum opacity, will be small. It
is expected, then, that beyond a certain point the Brackett line flux
will decrease with increasing distance. Very close to the YSO the
stronger continuum flux and the higher electron fraction will cause
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the excited levels to quickly reach their limiting excitation
temperatures. The lines become very optically thick, and grow slowly
after filling up their Doppler cores. The surface area of emission,
however, decreases with decreasing distance. It is possible that the
Brackett line excitation temperature may not rise rapidly enough to
compensate for the smaller emission surface, and the line flux will
decrease with decreasing distance. Put in another way. despite the
larger Balmer continuum opacity that can be attained at a smaller
distance, the efficiency of generating flux in a Brackett line may
decrease by an even larger factor. To investigate this dependence, we
consider a gas cloud at a distance r from the YSO and calculate the
hydrogen line emission from it as a result of ionization and heating
by the stellar continuum. Plane-parallel geometry of the cloud is
assumed. It is not clear whether constant pressure or constant
density provides a better approximation of the cloud's internal
structure. We simply assume the former situation, anticipating that
the gas temperature is likely to fall with depth into the slab, so
that a given column density will entail a smaller physical size
(thereby making it more efficient to absorb the continuum). The
nucleon density at the illuminated surface is specified by the
parameter N^, and the calculation of ionization, thermal, and pressure
equilibria proceeds to a depth £ that is no greater than r/3. This
maximum thickness is appropriate, given our assumption that there is
no dilution of the incident continuum with depth into the slab.
In essence, the above geometric model depicts a clumpy
distribution of the hydrogen gas giving rise to the observed line
emission. Besides being able to examine the r dependence of the
12
emission, it has the additional benefit that the cloud kinematic
motion can be specified independently. By combining the run of Bra
(or Bry) flux as a function of distance with different kinematic
models, the theoretical line profiles can be generated and compared
with observed ones. Even if the spatial distribution of the gas were
smooth, the results obtained here would still be useful in the
following way. A substantial fraction of the column density in a
smooth distribution is likely to be confined to a narrow range in r.
For example, with a r"^ dependence of the gas density in a spherical
outflow, 1/4 of the radial column density resides between r and
1
4/3 r^, where r^ is the radius where the flow starts. Thus, a
significant fraction of the stellar continuum will be absorbed near
r^, and the calculations presented here will illustrate how the line
fluxes depend on r and the nucleon density at r
i 1
2.2.1 Continuum Energy Distribution
We assume the continuum of a YSO to be close to that of a ZAMS
star of the same luminosity. Thompson (1984) has listed the
luminosity, temperature, radius, and emission rates of the Lyman and
Balmer continuum photons for ZAMS stars, using the model atmospheres
of Kurucz (1979), and the ZAMS specification of Morton and Adams
(1968). From Thompson's list we selected 4 ZAMS stars whose
luminosities are 1.48xl0'*. 1.07x10^, 93. and 13 L . Table 2.1 lists
o
the luminosity (L). temperature (T^). and radius (R,^) of each one.
The continuum of a ZAMS star has a sharp fall-off at energies
above the Lyman edge. Rather than modelling the Lyman continuum in
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detail, we simply assume that it is given by the black-body
distribution at the stellar and R,. but scaled by a factor such
that the total number of Lyman continuum photons emitted per sec is
equal to the value listed by Thompson (1984). This factor t)^
decreases from ~ 0. 1 for a 10^ L ZAMS star to ~ lo"^ for a 10 L one
o
In the same way the sub-Lyman continuum between 11 and 13.6 eV is
scaled from its black-body distribution by a factor t,^^. Using the
model atmospheres of Kurucz (1979). we find that t,^^ varies from ~ 3
for a 10^ ZAMS star to ~ 1 for a 10^ one. This variation is
small, and we simply use
-q^^ = 1 for the three more luminous objects.
We also wish to illustrate the role of sub-Lyman continuum absorption
in generating the hydrogen lines. This can be accomplished by
artificially suppressing the sub-Lyman continuum. For the 10^ L
o
star, then, we have also carried out a calculation with
-q^^ equal to
10-^
As determined from Kurucz' s (1979) model atmosphere, the value of
^sL ^ ^^^^ is ~ 3 xlO~^. However, UV observations of
T-Tauri stars (whose luminosities are typically less than or about 20
Lq) indicate that these YSOs have strong UV excesses (Herbig and
Goodrich 1986), probably due to the contribution of an active
chromospheric envelope. Judging from the observed energy
distributions between 1360 A and 3000 A, we believe that, for the
luminosity range L < 20 L
,
rj
,
is much higher for a YSO than for a
~ O sL
ZAMS star. For the 13 L object, then, we have performed two
calculations, with r)^^ equal to 20 and 1.
T-Tauri stars are also found to produce significant X-ray fluxes
(Feigelson and Decampli 1981; Montmerle et al. 1983). Between 0.5 and
15
4 keV the luminosity is typically ~ lo"^ erg s'V Since X-ray heating
provides a means of populating hydrogen level n=2 and generating line
photons via thermal collisions, we wish to investigate its effect on
the line-excess problem. Accordingly, for the 13 object, we have
carried out a calculation with 7,^^=1, and X-ray luminosity of
2x10 ^ between 0.5 and 4 keV (assuming a black-body distribution
with kT.
.
= 1/2 keV.bb
For the Balmer, Paschen, and Brackett continua, we simply assume
that they are given by the black-body distribution at the stellar T.
and R^. Table 2.1, labelling the different continuum models from SI
through S7, lists L, T,, tj^, t)^^, and the photon emission rates in
the Lyman, sub-Lyman, and Balmer continua.
2.2.2 Hydrogen Level Population Equilibrium
We model the hydrogen atom by a 15 level system (n=l-15), and
assume complete £-mixing. The rationale for this simplification is
given in Appendix A. We also describe here only the main processes
affecting the hydrogen level population, leaving a lot of minor
details to the Appendix.
The charge-exchange between Nil and H I is the dominant means of
ionizing hydrogen from the ground state once the Lyman continuum is
depleted. We obtain this charge-exchange rate from Butler and
Dalgarno (1979). To calculate the ionizations of N I from the excited
states 2p'' and 2p'^ ^P°, we use the photoionization cross section
calculated by Henry (1970), the collision strengths between each pair
of excited state and ground states determined by Pequignot and
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Aldrovandi (1976). and the spontaneous emission rates tabulated by
Wiese, Smith, and Glennon (1966).
C I has an ionization threshold of 11.26 eV. Photolonization of
C I will then compete against ionization from excited states of N I
and Lyp line wing absorption for the same photons. We assume that the
recombination of a C II ion and an electron and the subsequent cascade
will produce photons less energetic than 11 eV. so that C I
photolonization simply depletes the sub-Lyman continuum. Thus. C I
photolonization indirectly works against populating the n=2 level of
hydrogen. It is included in the model.
In addition to the charge-exchange reaction with N II, we Include
the following processes that cause ionization of hydrogen: radiative
ionizations from levels n=l-4 by the stellar continuum, colllsional
ionizations from levels n=2-15 by thermal electrons, and ionization
from level n=2 by Mg II A2798. and by Fe II multiplets. The last
process is not important to hydrogen ionization. It is more a
constraint on the growth of those particular lines which are produced
in the cloud and contribute to cooling of the gas.
The usual processes governing population flow among the hydrogen
levels are radiative and colllsional transitions. We defer discussion
of how we treat the transfer of optically thick lines to section
2.2.4. In addition, we include the following processes: two-photon
decay from level n=2, Ly/3 fluorescence on 0 I as a source of level n=3
de-excitation, and Lyft and Lyy line wing absorptions as a means of
populating levels n=3 and 4 from level n=l.
The process of Lyfi line wing absorption has also been called upon
to explain the hydrogen line emission from quasars and AGN (Kwan
17
1986). We follow the treatment developed there. To summarize, we
assume that the attenuation of the incident continuum, due to
absorption at the Ly^ line wings, is given by
'\ - ^\y, ^(^) (A^^^^^ . 0.25 A3^^^J . (^.1)
3p
Here dr^ is the increment in opacity at frequency v for an advance d£
into the cloud. B^^^ is the Lyp stimulated absorption coefficient, and
<l>iv) is the naturally broadened Ly^ absorption profile. The factor
^^3p->2s A3p^^J/A3p. where A^^^^^ is the 3p^2s spontaneous
emission rate and A^^ the total 3p spontaneous emission rate, gives
the probability of attenuation upon de-excitation of the 3p level.
This attenuation arises as a result of both 3p^2s decay and
re-emission of a Lyp photon in the line wings that ultimately escapes
the cloud. The part 0.25 A /A attempts to take this latterJp->1 s 3 p
cause of attenuation roughly into account given our simple numerical
model in which the incident continuum flux is attenuated at each step
into the cloud and no calculation of the intensity backward-scattered
radiation is explicitly made. From the opacity measure given by
equation (2.1) the continuum intensity can be determined at successive
depths into the cloud. By convoluting it with <p{v) the rate of
absorption of the sub-Lyman continuum can be calculated. This rate,
multiplied by A /A
.
then gives the rate of populating level n=3
as a result of Lyfi line wing absorption. In the same way the process
of Ly3f line wing absorption is implemented, with the probability of
attenuation given by (A + A + A + 0. 25 A )/A
4p->3s 4p->3d 4p->2s 4p->ls 4p
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The process of Ly^ absorption described above is Just an example
of absorbing the incident stellar continuum at one of the many
bound-bound transitions. It is highlighted because the lower level of
the Ly^ transition is the ground state where the vast majority of
hydrogen atoms reside. Absorptions of the stellar continuum at
bound-bound transitions having excited states as lower levels also
occur. This process can be a source of excitation for the Brackett
lines. For example, a Bra photon can be emitted after absorbing an
incident an incident stellar photon at Hr. To asses this effect in
relation to that of Balmer continuum absorption, we have performed
several calculations including this process of stimulated absorption
of the stellar continuum at the Balmer. Paschen. and higher series
lines. The details of how we implement it will be described in
sub-section 4). It turns out that this process does enhance the
Brackett line fluxes above what can be produced with Balmer continuum
absorption alone, but significantly only in the case of the 13 L
o
object.
2.2.3 Heating and Cooling Balance
Besides hydrogen we include the elements He. C, N, 0, Mg, and Fe
in making up the nucleon composition. Their abundances, relative to
hydrogen, are assumed to be solar. By number, they are 10'\
3.5x10 10 7x10"'*, 3xl0~^. and 3xl0"^ respectively (Trimble
1975). Helium is included because of its substantial abundance. It
is also an efficient absorber of the strong UV flux in the continuum
model SI and of the X-ray flux in the continuum model S6. The
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elements Mg and Fe are Included because the emission of Mg II A2798
and Fe II UV and optical multlplets cool the gas and affect the
thermal balance.
Heating of the gas results from photoionizations of hydrogen,
helium, and the heavy elements. For H I and N I the photoionizations
occur from both the ground and excited states. In calculating the
energy gained from each photoionization only the excess energy of the
photon above the ionization threshold is counted, with the following
exception. In the continuum model S6 the X-ray flux causes K-shell
ionizations of the heavy elements. We assume that each K-shell
ionization results in an Auger transition, so that the energy gained
in this case is given by the difference between the photon energy and
the sum of the ionization thresholds of the two consecutive stages.
Besides photoionization. a small amount of heating is also generated
from the charge-exchange interaction between H I and N II.
The most important cooling agents in our model are radiative
recombination, free-free emission, and coUisonal excitation of
hydrogen and Fe II lines. For cooling due to radiative recombination
we include only the contributions from hydrogen and helium. We assume
that an energy equal to kT (with T being the gas temperature) is lost
for each helium recombination. In the case of hydrogen we calculate
explicitly the energy loss from radiative recombination to level n by
convoluting the recombination coefficient as a function of frequency
with the excess energy (above the ionization threshold) of the emitted
photon. For cooling due to free-free emission we use the standard
rate given in Allen (1973).
20
We calculate collisional cooling from the expression
^t^^fia - Vu£^ ^^ur ^^^'"^ and are the population (cm"^)
in the lower and upper state respectively. (s"^) and are the
collisional excitation and de-excitation rates, and AE^ is the energy
difference between the two states. The summation over all collisional
transitions include bound-free ones in the case of hydrogen. Usually.
N^C^ is greater than N^C^. so that energy is lost (in the form of
photons). For the level n=2-.l transition of hydrogen, however, the
reverse situation is the norm, and energy is gained from collisional
transitions between those two levels. This behavior was mentioned in
Section 1. and is a consequence of the radiative pumping of level n=2
via ionization of hydrogen (through charge-exchange with N II) and Ly/3
line wing absorption. The source of energy is then actually the
sub-Lyman continuum.
In addition to the hydrogen and N I systems of energy levels, we
include cooling from collisional excitation of [C II] A2326, [0 I]
A6300. Mg II A2798. and Fe II UV and optical multiplets. The Fe II
ion has many energy levels within several eVs of the ground state.
Without much guidance from observational results and theoretical
calculations of collision strengths, we simply use the model developed
earlier for studying Fe II emission from quasars and AGN (Kwan and
Krolik 1981; Kwan 1984). Our goal, in including these lines, is
simply to allow for possible contributions to cooling from elements
other than hydrogen. We have performed several calculations with
abundances of Fe and Mg set equal to zero, so that the effect of their
contribution to cooling on the Brackett line fluxes can be assessed.
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2.2.4 Radiative Transfer
Given the large number of energy levels in our model hydrogen
atom, and the extensive parameter space (L. t,^^. r. N^, £) to be
explored, we find it difficult and impractical to solve the transfer
of line photons and diffuse continua through the cloud in order to
determine their emergent fluxes. Instead, we use the local escape
probability method to determine at each point the effective emission
rate of a line (or continuum) contributing to the emergent flux. This
very approximate treatment of radiative transfer, however, will not
affect the main outcome of our investigation, which is the ability of
a cloud to absorb the stellar Balmer continuum. This ability hinges
on the population in level n=2 and it is not very sensitive to the
transfer of Lya. as the line opacity is so large that Lya escape is
overshadowed by collisional de-excitation and two-photon decay. Given
that the main source of Brackett line photons originates from
recombination and cascade, the crude treatment of radiative transfer
will also not affect their emergent fluxes until the lines become
optically thick. Because population is built up successively from
level n=2 to higher ones, and the Brackett lines have level n=4 as
their lower level, the points at which those lines become optically
thick do depend on the transfer of Ha and Pa. When the results are
presented in the next section, we will determine how the efficiency of
generating a Brackett line photon depends on the relevant line
opacities.
We first mention the forms of the escape probability we use for
lines, and defer discussion of how we treat the diffuse Lyman and
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Balder contlnua to the end of this section. We divide the lines of
hydrogen and heavy elements Into two groups. The first group consists
Of the Lyn,an series of hydrogen and all the lines of heavy elements.
The second group consists of the Bal.er, Paschen, and higher series of
hydrogen. The main distinction between the two groups Is that the
lower level of a line In the second group has a finite lifetime, and
this affects the frequency redistribution of a photon upon scattering
(Omont, Smith, and Cooper 1972).
For a line in the first group we assume that at small optical
depths complete frequency redistribution in the Doppler core describes
the photon scattering well, and that at large optical depths, when
scattering into the damping wings becomes important, partial
redistribution in a Voigt profile occurs. We include only thermal
and natural broadening for each line in this group. The specific
expression of the escape probability as a function of optical depth
from the illuminated surface that we use here is the same as that
given in an earlier work on quasar emission lines (eqs. [16], [17],
and [18] of Kwan and Krolik 1981).
As alluded to earlier, natural broadening of a hydrogen line with
level n^2 as the bottom level has significance. In addition. Stark
broadening may be important. For example, at an electron density N
e
10 —3
of 10 cm Stark broadening is as strong as natural broadening for
Bra, and it becomes more important with increasing and quantum
number n. Appendix B gives the details of how we determine the stark
broadening parameters.
Because of natural broadening of the lower level of each line in
the second group, and the possible importance of Stark broadening, it
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is a reasonable assumption that, upon scattering of the line photon, a
complete frequency redistribution of the photon frequency occurs
(Omont. Smith, and Cooper 1972). We determine the photon escape
probability accordingly. In Appendix C we derive this probability.
/3(T). for escape from the mid-plane of a uniform slab of total optical
depth 2t at line center.
Ideally, as the calculation advances from the illuminated surface
into the cloud, the photon escape probability at each step should take
into account escapes toward both the illuminated and back surfaces.
This requires an iterative process to determine the total opacity
through the cloud for each line. Given the large number of cases to
be studied, we find it impractical to perform such an iterative
process. We simply assume that there is no escape toward the back
surface. The photon escape probability at an optical depth t from the
illuminated surface is then |3(t)/2. We also make the same
approximation for the lines in the first group. The effect of this
approximation on the emergent fluxes will be noted in the next
section.
The photon escape probability pir) is also the probability,
averaged over the line profile, that the Incident continuum flux is
absorbed at an optical depth x from the illuminated surface. The net
rate of absorption (stimulated absorption - stimulated emission) of
the stellar continuum at the point is then equal to (N»g /g„ - N ) x
f^^'^^^^* /4r^)/[exp(hi^^/kT, )-l ] , where N^/g^ and N^/g^ are the
population per degeneracy in the lower and upper sate respectively,
and is the spontaneous emission rate of the transition. In this
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way we account for absorptions of the stellar continuum at the
Balmer, Paschen. and higher series lines of hydrogen.
So far in our consideration of line transfer we have not included
the effect of a velocity gradient within the cloud. Even if the gas
particles all moved with the same speed, their velocity vectors might
be slightly different. The presence of a velocity gradient has an
effect on the calculations. By allowing line photons to escape more
easily, and in a way not strongly dependent on depth from the
illuminated surface, it generally makes Balmer continuum absorption
more efficient in generating Brackett line fluxes. It also provides a
test on the calculations in the following way. Since our treatment of
line transfer is quite crude, the comparison with calculations with
and without inclusion of a velocity gradient within the cloud will
demonstrate the sensitivity of the results to changes in the photon
escape probability. We have therefore also considered this effect.
We assume that the gas particles within a cloud all move at the same
speed v^. but radially away from the YSO, so there is a velocity
gradient transverse to the direction -r toward the YSO. The photon
escape probability in a direction transverse to r is, making use of
Sobolev's method (1960), (i {x ) = (l-exp(-T )]/t
,
where t
,
the
vg vb vg vg vg
line opacity measured along the direction transverse to r. is given by
T = (N.-N g„/g ){B„ hc/4Tr)r/v ). The speed v of the cloud needs to
vg £ u £ a ta c c
be specified and, guessing that it is likely to be higher closer to
the YSO, we assume
v = 100 (10^^ cm/r)^^^ km s \ (2.2)
c
To summarize, in most of the calculations a velocity gradient is not
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assumed to be present in the cloud, and the photon escape probability
of a hydrogen line In the second group Is p(r)/2. In those
calculations with a velocity gradient present, that probability Is
;IP(T) + S (t )).
vg vg
We now mention our account of the diffuse Lyman and Balmer
continua. Since the Lyman edge opacity increases so rapidly with
depth into the cloud, we simply assume that a fraction [ l-exp(-Tj/2]
of all recombinations directly to the ground state lead immediately to
ionizations again at the same spot. The effective recombination
coefficient to the ground state is then iaexp(-x ). where a is the
spontaneous radiative recombination coefficient. We also find that an
accurate account of the diffuse Balmer continuum is not crucial. The
spontaneous radiative recombination to level n=2 is only 1/3 the sum
of the coefficients to all levels n=2-15. Whether the diffuse Balmer
continuum escapes from the cloud or is re-absorbed causes a maximum
difference of only ~ 30% in the production of Brackett line photons.
We shall simply account for the diffuse Balmer continuum by modifying
the radiative recombination coefficient to level n=2. Appendix D
shows this.
2.2.5 Calculation Method
At each depth into the cloud the gas temperature T, the nucleon
number density N, an the electron fraction y=N /N are determined by
e
requiring a balance between the heating and cooling rates, and
imposing the conditions of pressure and local ionization equilibrium.
They (except for N at the illuminated surface, which is fixed at N )
o
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are obLai.iod by trial and error. The convergence criterion \r. that
the old and new values of y and T differ by lens than 0.7.7.. The
advance Into the cloud Is paced so that the I.yman edge opacities of
both II I and He I increase by no more than 10% from one step to the
next.
To mode] numerically the Balmer. Paschen. atui Urackett contlnua
(the range from 0. 85 - 11. o eV), as well as the Lyman continuum from
13.6 to 75 eV, and. in one calculation the X-ray continuum from 0.5 to
^ keV. we use p.rld points spaced logarithmically such I hat the photon
frequency increases by a factor 1.045 from one grid point to the next.
I-or the sub-Lyman continuum (between 11 and 13.6 eV), the spacing of
the grid points (57 of them) are less regular, and are chosen so that
near the Ly/3 and I.y3r resonance frequencies they are much finer.
2.3 Results
To present the results in a way that r elates the Ui a or nry i lux
to Balmer continuum absorption, we express the calculated line flux In
terms of that expected from recombination and cascade following Halmci
continuum photoionization. Thus, If denotes the total number of
photon;; in the Balmer continuum, the luminosity in the Bra line is
expected to be 0.058 N hu . The numerical factor 0.058 Is the
n nra
probability wc calculate of emitting a Bra photon upon recombination
of a proton and an electron, assuming that each hydrogen level has
complete ^-mixing, that de-excitation of a level occurs by r;pontaneous
radiative decay, and that all bound-free and bound-bound transitions
except the I.yman ones are optically thin. This probability depends
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very weakly on temperature over the range 4500-7000 K encountered in
the models. From the numerical calculation we obtain the emergent Bra
flux (in units of erg s~^ cm"') from a cloud at a distance r.
Assuming that the whole spherical surface at r is covered by similar
clouds, we obtain the Bra luminosity, L^^^. by multiplying that
emergent flux by Anr^. The quantity e , defined asBra
^nn^ = « /(0.058 N hi^ ), (2 3)Bra Bra B Brtt v<o.o;
then yields the clouds' efficiency in producing Bra emission from
absorption of the Balmer continuum. This efficiency can be much less
than unity simply because the Balmer continuum opacity through the
cloud is small, owing to a slow rate of populating the n=2 level. It
provides then an estimate of the fraction of the Balmer continuum
absorbed. On the other hand, the Balmer edge optical depth t of the
B
cloud provides an even better such measure. A comparison between c
Bra
and will then reveal how the probability of producing a Bra photon,
when the complications of line opacities and collisional processes are
included, deviates from the mentioned above for an ideal situation.
From the standpoint of solving the line-excess problem, the most
important result is probably the maximum value of c that can be
Bra
attained for a given YSO. This can be determined by exploring the
parameter space between of r and N^. A plot showing how the maximum
value of e depends on YSO luminosity will reveal the extent to
Bra
which the mechanism of Balmer continuum absorption can explain the
line-excess problem.
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Thompson (1984. 1987) ha<; inifi^f jOH, i^xsn n s Initiated a way of presenting observed
line fluxes that vividly shows whether they can be accounted for by
Lyman or Balmer continuum photoionization. Assuming a YSO to have
continuum energy distribution of an equally luminous ZAMS star, he
calculates and for YSOs covering a wide luminosity range. The
factor N^/ I oc^ gives the maximum value of ^dV or. for simplicity
N^V expected from standard nebula recombination theory if the Lyman
continuum is completely absorbed. In a plot of Log L versus log N^V
e
then, the Lyman and Balmer continua delineate boundary lines relative
to which the plotted values of N^V as deduced from observed line
fluxes will reveal the relevance of Lyman or Balmer continuum
photoionization. As mentioned above, an important result of ours is
to show where the maximum line fluxes our calculations produce for
different YSOs position in a plot such as Thompson's. Because the
data points in Thompson's plots are obtained from observed Bry fluxes,
in working towards such a plot we shall use calculated Bry fluxes.
Analogous to Bra. we have for Bry
= L /(O. 0132 N hu ). (? 4)Bry Bry B Bry ^ ^'
Our plan in this section is as follows. We first establish the
importance of populating level n=2 of hydrogen via sub-Lyman continuum
absorption. Then we show how the Bry and Bra fluxes depend on the
luminosity L of the YSO. the distance r of the cloud from the YSO,
and the nucleon density N at the illuminated surface. Next we
o
examine in detail the growth of Bra flux as the Balmer continuum
opacity increases with depth Into the cloud. These results are
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obtained from calculations that make the following standard
assumptions, namely, that line and continuum photons do not escape
toward the back surface, that absorption of the stellar continuum at
the Balmer. Paschen. and higher series lines of hydrogen is ignored,
that no velocity gradient is present in the cloud, and that, in
addition to C. N, and 0. the elements Mg and Fe are present with
abundances relative to that of hydrogen of 3xlo"^ each by number. The
effects these assumptions have on the Brackett line fluxes are
mentioned at the end of the section.
2.3.1 Importance of sub-Lyman Continuum Absorption
We use continuum models S2 and S7 to illustrate this point.
These two models have a luminosity of ~ lo\^ and differ from each
other in that the sub-Lyman continuum of the latter is weaker by a
factor of 100. Figures 2.1 and 2.2 show how c depends on r and N
Bry ^ o
in the two cases. Three values of are used. They are 10^° (solid
curves), 10^^ (dashed curves), and 10^^ cm~^ (dotted curves). For
each N^, if two curves are shown, the upper and lower ones represent
Gg^^ calculated for cloud thicknesses = r/3 and r/6 respectively.
They illustrate the dependence of c on £. When only one curve is
shown, it indicates that either the results for the two choices of £
are too close to be plotted separately or the Brackett line flux has
ceased to grow before a depth of r/6 is reached. This occurs when the
sub-Lyman continuum is depleted, causing a rapid drop in level n=2
population and quenching Balmer continuum absorption. As expected, it
is more common for the cases of higher N .
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0.0
100 200
r/R,
300 400
Figure 2.1: Dependence of c on r and N in continuum model S2.Bry o
The solid, dashed, and dotted curves refer to calculations for
10 11 12 ~3
N^=10
,
10 , and 10 cm respectively. The points marked by
filled circles, open circles, amd triangles indicate results from
actual calculations, while the smooth curves drawn through them aid
visual Inspection.
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0 15 30 45 60
r/R,
Figure 2.2: Dependence of c on r and N In continuum model S7.
Br7 O
Sajne notations as In Fig. 2. 1.
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Comparing Figures 2.1 and 2.2 shows the following obvious
differences between them. First, the maximum value of c (~0 012)
in model S7 is only ~ 1/20 of that (-0.25) in model S2. Second, this
maximum value occurs at a distance much closer to the YSO in the
former model, being ~ 20 Instead of ~ 150 R.. The reason for these
differences is clear. With a much weaker sub-Lyman continuum in model
37. the rate of populating level n=2 is much smaller. To be specific,
we shall, for the rest of the discussion in this paragraph, cite
results from calculations with N^= lo" cm"^. In model S2 the
calculation for r= 125 R, obtains a t through the cloud of 0.25.
while the calculation for the same value of r in model S7 obtains a t
B
of 0.0012. Since this latter is so small, one can increase the
rate of populating level n=2 and therefore significantly by simply
raising the incident continuum flux through bringing the cloud closer
to the YSO. Thus, as seen from Figure 2.2, c increases steadily as
V decreases from 60 R. to 18 R.. At the latter r. x is 0.02. This
B
way of increasing c by decreasing r eventually backfires, however,
for the following reason. The electron density increases rapidly with
decreasing r, as the population in level n=2 increases and the
incident Balmer continuum flux becomes more intense. The higher
electron density has two effects. First, it causes a higher rate of
collisional de-excitation of level n=2 back to the ground state.
Consequently, the n=2 population grows much less rapidly with
decreasing r than what one would anticipate based on the r dependence
of the incident continuum flux. Thus, the calculation for r= 10 in
model S7 obtains a x^ of 0.025. not much larger than the value of 0.02
obtained at r= 18 R^. This effect of a higher electron density also
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explains why Ll.o aL r= 18 H, in model S7 Is a factor of
smaller than the at r= 125 R. m model S2. whose incident sub-Lyman
continuum flux is higher by a factor of 100x(18/125)^ or only 2.1.
The second effect of a higher electron density is that the more
frequent collisional excitations quickly build up population from
level n=Z into higher ones, causing the Brackett lines to become more
optically thick. This reduces the efficiency of generating Brackett
line fluxes from recombination and cascade, and favors continuum
emission such as free-free. Paschen. and Brackett continuum emission.
Thus despite x^ being slightly larger at r= 10 R» than at 18 in
model S7. c^^^ is actually smaller, and continues to decrease with
further decrease in r.
Models S4 and S5 also illustrate the dependence of c on the
magnitude of the sub-Lyman continuum, as the two models differ only in
that the sub-Lyman continuum of the latter is weaker by a factor of
20. Rather than take up space to present figures analogous to Figures
2.1 and 2.2, which demonstrate the same characteristic differences, we
just mention that the maximum value of c obtained in model S5 is
smaller by a factor of ~ 9. The importance of populating level n=2
via absorption of the sub-Lyman continuum is thus clear. It is the
sub-Lyman continuum strength that dictates the fraction of Balmer
continuum that will be absorbed. This essential component of the
hydrogen line production process will be more vividly manifest when
the maximum value of c for each of the 7 continuum models studied
2
IS plotted in a graph of log L versus log N^V (c.f. Fig. 2.6).
We now compare the efficiencies of the three processes, namely,
ionization from N I excited states, Lyp line wing absorption, and C I
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ionization, in absorbing the sub-Lyman continuum. We do this by
estimating the column density needed for each of the three processes
to absorb a significant fraction of those photons. For the process of
N I ionization we consider first ionization from the 2p^ V state
Which lies at
~ 2.4 eV above the ground state. We assume nitrogen to
be mostly neutral, which is the case in the great majority of
calculated cases. In counting up nitrogen nucleons. which are assumed
to constitute a fraction lo'Vl. 1 of the total nucleon number, we
neglect the small amount of population in N I excited states. With
these approximations we find that, to achieve an optical depth of
unity at the ionization edge (12.16 eV). a column density of all
nucleons. given by
9.6 xlO^^ cm~^
N « . „
exp[4. 62(1 - 6x10 K/T)]
Tl H- 0.44f ] f
^*
1 r 3x10^^ cm \ [ lO^cm
^U6xlo\/^^
I- UoMllo\i i ~^ i i~N7~Ji~T"J J'
(2.5)
is needed. Here the numerical value of 9.6x10^^ cm~^ is that needed
if thermal equilibrium at a temperature of 6000 K is established
between the two states, and the expression containing N and r
sL
represents the deviation from thermal equilibrium owing to ionization
3 2 0from the 2p D state. Not all the sub-Lyman continuum photons
(between 11 and 13.6 eV) can cause ionizations. The fraction with
energies between 12.16 and 13.6 eV decreases from 0.47 for model SI to
0.21 for model S4. We have approximated this fraction by 0.255
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(T,/10\)° «. Ionization fron the excited state 2p' V. which lies
at
~ 3.6 eV above the ground state. Is not as Inportant. although It
utilizes photons with energies between 11 and 12.16 eV. Ue Just
mention that, if the level is populated in thermal e,ull,briu™ at
6000 K. a colunn density
- 17 ti^es 9.6x10^ c.'^ is needed to achieve
an optical depth of unity at 11 eV.
For the process of Ly^ line wing absorption, we assume hydrogen
to be mostly neutral. This is the case except in the calculation for
N^= 10^° cm-^ r= 41.67 in model SI. We then determine from
equation (2.1) that a column density of all nucleons. given by
^Ly^ " 1.2x10^* (Ahu/0.25 evf cm"^ (2.6)
is needed to produce an optical depth of unity at an energy offset of
Ahi. from the Ly^ resonance. Similarly the column density for the
process of Lyy line wing absorption is N « 6. 2xlO^'*(Ahu/0. 25)^ cm"^
*-yif
Because ionization of C I occurs from the ground state, and the
radiative recombination of C II is not particularly large, carbon is
mostly once singly ionized until the sub-Lyman continuum is depleted.
From the rate of recombination of C II with electrons we determine
that, in order to absorb ~ 63 % of the continuum between 11.26 and
13.6 eV (as would be produced by an opacity of unity), the column
density needed is
N » 2xl0^-f !^^i-]f-i^] ''f3il0!!£!!!l'fJ0!cm2} f_J_l
(2.7)
Comparing equations (2.5), (2.6). and (2.7), we conclude that Lyp
line wing absorption is important for absorbing the continuum within
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+0.1 and
-0.25 eV of the resonance energy (12.09 eV). and that
ionization from N I excited states is usually more efficient than C I
ionization in absorbing photons more energetic than 12. 16.eV.
Specifically, in model S2. and T at r= 125 R. or 2.93x10^^ are
~2xl0" cm"" and -5700 K for N^= 10^^ cm-^ and ~lo" cm"" and 6000 K
for N^= 10'° cm ^ For either case of N^. N is more than 6 times
larger than N CI ionization does become more important at larger
r. For example, for N^= lo'' cm"^ and r= 400 R., and T are ~ 3xlo'
and -4700 K, and N is not quite 1.5 times N
CI Ml
-3
cm
2.3.2 Dependence of c on L, r, and N
Bry o
We have shown how c depends on r and N for the 1.07x10"' LBry O O
YSO. Figures 2.3, 2.4, and 2.5 show similar plots for YSOs of
41.48x10
,
93, and 13 L^, as determined with continuum models SI, S3,
and S4 respectively. We discuss below the dependence of c on r.
N^, and L sequentially.
For a given L and N , g peaks at a certain r (call it r ) and
o Bry ^ pk
falls off on both sides. This characteristic dependence has been
alluded to earlier in section 2.3.1. The fall off with r > r is
pk
readily understood, owing to the weaker incident continuum flux as r
increases. The fall off with r < r , and an explanation has been
pk
given in the previous sub-section. To elaborate on that explanation,
we first determine roughly the dependences of x , the Balmer edge
B
opacity through the cloud, and N^, the electron density (which is
actually a function of depth into the cloud, so a crude average is
meant here) on the distance r. Assuming that collisions dominate the
37
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de-excltatlo„ of leveZ n=2, „e obtain „ by balancing
the rate of de-populatlon of level „=1, as a result of Ly, line wing
absorption and charge exchange with N II. „Uh the rate of population
return via level n=2 de-excUatlon. Then, assuming Bal.er continuum
Photolonlzatlon and radiative recombination to provide the source and
sink, respectively, of electrons, „e have „ N^r'^ Combining these
two relations, and approximating by N^, we find that N CX
e
N^^^ r-^^^ and N/N^ « n;^/^ r^^ The latter relation can be
re-arranged to yield « N^^^^ r'^^^ N, where N is the column
density. These dependences of and on r and are only
approximate, because many processes, such as de-excitation of level
n=3 to the ground state via Ly3 resonance fluorescence on 0 I and
collisional ionization from high n levels, have not been included.
Comparing the relations with numerical results, we find that they do
reflect qualitatively the actual dependences, but the magnitudes of
the power-law indices can be off by a factor of 1.5.
The value of x depends on N which has an upper bound ~ N r/3
" o
'
but may not reach that limit if the sub-Lyman continuum is already
depleted. From equations (2.5). (2.6). and (2.7) we estimate that the
column density needed to absorb a large fraction of the sub-Lyman
continuum is very roughly 2x10^^ cm~^ for all four models S1-S4. This
column density is > N r/3 in some calculated cases {e.e., N = 10^°o o
-3
cm
,
r < 20 in model S4). In these cases N is given by ~ N r/3
o
'
and X is then cx r^"'^. Thus, one reason for the fall off of c with
r < r is that when N is small x decreases with deceasing r.pk O B °
When is sufficiently large that the sub-Lyman continuum is
depleted before the limit £= r/3 is reached (as can be inferred from
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Figures 2.1-2.5 If only one curve 1= =his shown for that N^. or If the two
curves are very close to each other) * kn , N becomes independent of r and
T is « N'"^ r'^'' j» r decreases from r^^, a greater fraction of
the Balmer continuum is then absorbed. The value of , however
falls. This decline, as explained in the previous sub-ltion, is
ascribed to a rapidly rising electron density. The higher electron
density and the larger rapidly build up population from level „=2
into higher ones, makintr th*» Rt-3r.u»i.^ iiKing e Brackett lines very optically thick. An
optically thick line is not efficient in radiating energy. its
emergent flux (erg s"' cm^, depends on the excitation temperature and
the line width. The latter Increases slowly with increasing opacity
after a width of a few thermal Doppler widths Is attained. The larger
Stark broadening at a higher does facilitate photon escape over a
broader band. Nevertheless, the line width is not expected to
increase by more than a factor of a few. The excitation temperature
depends on the coUisional rate, and generally rises as N increases
e
The rise is small, however, because there is not a pressing need to
increase Brackett line emission, owing to the fact that other
radiating processes, such as free-free emission, bound-free emission
of hydrogen, and Fe II line emission, are not yet curtailed or not as
strongly curtailed by optical depth effects. For example, in the case
1 1 —3
of N^= 10 cm in model SI the Bry excitation temperature is =«1900 K
at r= 333 R,, and increases to only « 2550 K at r= 41.7 R,. The line
luminosity from the ensemble of clouds equals 4Trr^ times the emergent
flux. The slow rise in this flux through increases in line width and
excitation temperature cannot counter the rapid decline in surface area
as r decreases, L^^^ or c^^^ then falls.
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We now examine the dependence of e^^^ on N^. Figures 2.1-2.5
show that at very small r e^^^ is higher when is higher, while at
very large r the reverse situation occurs or begins to come into
effect. This dependence can be understood by making use of the
relations N « N^^^ r"*''^ and t m'^''^ -2/3,, ^ ,
e '^-Q « r established earlier.
When and r are both large ;V is given by the column density
sufficient to deplete the sub-Lyman continuum, and is roughly a
constant. The opacity is then cx ^1^'' r''', and is smaller when
is higher. This is the main reason for c to fall withBry
increasing at large r. The effect of C I ionization also
contributes to the cause. As r increases the gas temperature T
generally falls, and the product N^r^ generally rises. This situation
makes C I ionization more strongly competitive against N I excited
state ionization. Because a higher N produces a higher N and ao e
lower T, C I ionization absorbs an even bigger share of the sub-Lyman
continuum in that case, and the growth of x is further curtailed.
B
The discussion so far in this paragraph assumes that the sub-Lyman
continuum is depleted before the limit £=r/3 is reached. When N is
o
so reduced that the above assumption no longer holds, the column
density N is given by « N r/3, and x decreases roughly as N^''"^,
o B o
Thus, at large r, while c is higher when N is smaller, there is a
limit to how small N can be before c begins to fall.
o Bry ^
At very small r c is lower when N is lower. This is clearBry o
when is so small that the column density N, given by ~ ^q^^^'
absorbs only a small fraction of the sub-Lyman continuum. When N is
o
sufficiently large that the sub-Lyman continuum is depleted, x
,
being
B
- 1/3
oc N now, is actually smaller when N is higher. Yet c is
o o ^ Bry
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and
higher. This is because the Brackett line Is very optically thick
the higher at a larger produces a higher Bry excitation
temperature and a larger Stark broadening. However, as seen from
Figures 2.1-2.5. c^^^ rises slowly, and it is inefficient to raise
^Bry
small r by increasing N^.
Figures 2.1-2.5 show that r the value of r at which c
peaks, is smaller when Is higher. This is expected, since a higher
is not as constrained in its ability to absorb the sub-Lyman
continuum by the condition i s r/3. However, as seen from Figures 2.1
and 2.5. r^^ for N^= lo'^ cm"^ is only about two times smaller than
that for N^= 10'° cm"^ This is because as r decreases the Bry
luminosity becomes less influenced by the fraction of Balmer continuum
absorbed, and more by the inefficiency of emission caused by a large
optical depth. It is analogous to the phenomenon of self-absorpt ion
in synchrotron and free-free emission.
We now study c as a function of L, the YSO luminosityBr J J
Looking at the results for the four continuum models S1-S4 (Figs. 2.3,
2.1. 2.4. and 2.5). we notice three obvious features in that
dependence. First, when L is lower, the maximum value of c is
Dry
lower. Second, this maximum value occurs at a smaller r. and third,
it is attained with a higher N^. We discuss them sequentially below.
The maximum value of c as a function of L is more vividly
shown and more readily compared with observational data in a
Thompson's plot (1987). Figure 2.6 presents such a one. The left
2
solid curve marks the value of N V that would come about if the Balmer
e
continuum is completely absorbed. Since c measures the calculated
Bry luminosity relative to the value expected from a complete
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absorption of the Bal.er continuum, the value of N^V corresponding to
the maximum Br. luminosity calculated is simply obtained by displacing
horizontally from the left solid curve by an amount given by the
maximum value of c^^^. This value is marked for each of the seven
continuum models studied. The direction of the arrow indicates that
the other calculated Bry luminosities are all weaker. No significance
is attached to the length of the arrow as. in principle, it can extend
all the way to the right solid curve.
We have also indicated in Figure 2.6. by means of the dashed
curve, the value of N^V that would come about if each photon in the
sub-Lyman continuum (11- 13.6 eV) produces an ionization of hydrogen.
In reality, the continuum between 11 and «11.8 is not effective in
that cause. Then, not all the continuum between 11.8 and 13.6
contributes to hydrogen ionization, as part of it is absorbed by Ly(i
and Lyy line wings, part of it absorbed by C I, and. even for the part
absorbed by N I excited states, a small fraction resulting N II ions
does not charge-exchange with H I. Thus the dashed curve probably
over-estimates the effect of sub-Lyman continuum ionization by a
factor of a few. Nevertheless it suffices to demonstrate that the
source of the strong Bry luminosities is not the sub-Lyman continuum,
but the Balmer continuum. However, it is the former that dictates how
much of the latter that is being absorbed. This is clear by comparing
the arrow marked by S7 with that marked by S2. and the one marked by
S5. with that marked by S4. If absorption of the sub-Lyman continuum
were completely ignored, the Bry luminosity would be closer to the
value expected from depletion of the Lyman continuum than to that
expected from depletion of the Balmer continuum. Thus the result
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mentioned earlier, that the naxl«™ value of e^^^ Is lower when L Is
lower, is influenced by the magnitude of the sub-Ly™an conllnuun, as a
function of L.
Model S6 differs from model S5 in that it has a significant
luminosity (2x10"^ L^) in the X-ray range between 0.5 and 4 keV. This
additional source of energy has only a weak effect on the Bry
luminosity, as can be judged from Figure 2.6. This result might have
been anticipated, since the X-ray luminosity is only comparable to the
luminosity in the sub-Lyman continuum. Yet it contains a lot fewer
ionizing photons.
We note that, in addition to being dependent on the magnitude of
the sub-Lyman continuum, the highest Bry luminosity calculated is
obtained with the assumptions that the clouds are at the optimal
distance, that they have the optimal value of N^, and that they cover
the entire spherical surface. In reality, it is likely that the
clouds are distributed over a range of both r and N
,
and the surface
o
covering factor may be less than unity. These factors would reduce
the calculated Bry luminosity. On the other hand, it is possible to
raise the Br9r luminosity higher by allowing photons to escape toward
the back surface and by incorporating a velocity gradient within a
cloud. Bearing in mind all these considerations in comparing the
marked arrows of models S1-S4 with the observational data gathered by
Thompson (1987) and Evans et al. (1987), we believe the process of
Balmer continuum absorption (Simon et al. 1983), expedited by
sub-Lyman continuum, can account for a large majority of the
observations.
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The second characteristic feature In the dependence of on L
1. that as L falls the naxinu. value of c^^^ is found at a sJuer r.
This result Is expected. Given that the sub-Lyman contlnuu™ Is weaker
when L is lower (c.f. Table 2.1). It Is logical that effective
absorption of the sub-Lymen contlnuu™ occurs at a smaller distance
fro™ the YSO. From figures 2.3, 2.1. 2.4. and 2.5 we determine that
for .odels S1-S4 r_^^ (here. It does not pertain to a particular N^) Is
roughly 2.2xl0>«. 3xlo", 3.9xIo•^ and S.Sxlo" cm respectively." It
can be expressed approximately as a function of N
. the number ofbL
photons emitted per sec in the sub-Lyman continuum, in the form
13 ( ^sL )^^^
'pk ~ 1° 7;7i~^ (2.8)
'lO s ^
since N^^/r^ signifies the rate of absorption of the sub-Lyman
continuum, equation (2.8) implies that the highest value of c is
obtained at a particular value of this absorption rate. This result
is not surprising, since a higher absorption rate will produce a
larger r^, and yet if it is too high the Brackett line opacity will
increase rapidly and limit the line intensity. As r decreases with
pk
decreasing L, in order to circumvent the constraint £ :S r/3 N needs
o
to be higher to deplete the sub-Lyman continuum. Hence, the result
that as L falls the maximum value of c is attained with a higher NBry ° o
fol lows.
/19
2.3.3 Dependence of e on L r ^r.^ mBra ' ^» N
o
Figures 2.7-2.10 show hc„
.^^^
depends on . and in .odels
S1-S4 respectively. The sa.e general shape Is evident, and can be
understood In the sa.e way as propounded for e^^
. Comparing
. and
' Bra
V, for the same continuum model, „e notice the following obvious
differences. First for a oiwor^ m
' ^ ^'^^^ ^' ^Bry ^^^^hes a higher peak value
than c^^^ (except for N^= lo^ and 10^^ c.^ in .odel S4. and for N^=
10^° cm-^ in model S3), typically by a factor of ~ 2. Second, the
^
peak value of e^^^ occurs at a smaller r. Third, the ratio e /e
Br^r Bra
generally falls as r increases. These distinctions combine to produce
the impression that, as r increases from a very small value e
Bry'
relative to e^^^. rises more quickly to its peak value, and then falls
off more sharply.
^^"^ V/^Bra ^^^^1^ ^"ity. L^^/L^^^. or simply Bry/Bra (the
usual notation for the flux ratio of two lines), equals 0.425. the
value obtained in the ideal situation of optically thin emission for
all transitions except the Lyman ones (c.f. eqs. [2.3] and [2.4], and
the pertaining discussion). The deviation of c^^^/c^
^
from unity is
largely caused by optical depth effects. This ratio ranges from -4.2
to ~ 0.73. with the higher values obtained at r < r and large N
Pk o'
and the lower ones at r > r^^. Correspondingly. Bry/Bra ranges from ~
1.8 to ~ 0.31. A detailed description of the behavior of Bry/Bra as a
function of r, N^, and // will be given in Chapter 4 where other line
ratios such as Pfsr/Bry and P12/P7, will also be evaluated. Here, for
completeness, we summarize the main reason for the behavior of
^Bry^^Bra''
upper level of Bra can also decay via emission of a
50
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Figure 2.7: Dependence of e on r and N In continuum model SI.
** Bra o
Same notations as in Fig. 2.1.
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Figtire 2.8: Dependence of c on r and N in continuum model S2.Bra o
Same notations as in Fig. 2. 1.
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Figure 2.9: Dependence of c on r amd N in continuum model S3.Bra o
Same notations as in Fig. 2. 1.
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nr or PP photon. Because population is built up successively from
level n=Z into higher ones. Hy generally becomes optically thick
before Bra does. When this occurs, and until Bra becomes optically
thick itself, the probability of emitting a Bra photon is higher than
that in the ideal situation. This accounts for c /e being
Bry Bra ^
somewhat less than unity at r > r^^ where and are not high
enough to build up population quickly into level n=4. Conversely, as
r decreases from r^^. the higher and. in the case of large
enough that the constraint £ ^ r/3 is ineffective, the higher x cause
B
Bra to attain a substantial opacity. Bry. however, is always
considerably less optically thick than Bra. Once Bra becomes optically
thick, then, Bry emission would be favored over Bra emission in
comparison with the case in the ideal situation. This accounts for
^^Bry'^^Bra ^^^^^
greater than unity.
Comparing c^^^ and c^^^ as a function of L, we find that the
highest value of c^^^ obtained for each YSO is about a factor of 2
lower than c^^^. Analogous to equation (2.8). the value of r at which
the highest value of e occurs depends on N as r ~Bra ^ sL pk
1. 6xl0^''(N^^/10'*^ s M^''^ cm. or about a factor of 1.6 larger than the
corresponding r for Bry.
pk
2.3.4 Dependences of c and c on x
Bra Bry B
Thus far we have calculated Bry and Bra luminosities, expressed
them relative to the values expected if the Balmer continuum were
completely absorbed, and studied how they depend on r. N^, and L. It
is clear that these two line luminosities, or equivalently c andBry
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Va- l^^g^ly a measure of the fraction of Balmer continuum
absorbed. But they also depend somewhat on the efficiencies of
producing those line photons following absorption of a continuum one.
In this sub-section we examine these efficiencies in detail by
following the increase in Brackett line flux (or growth of c or
Bra
^Bry^
as the Balmer edge opacity increases from 0 at the illuminated
surface to its final value at the point either where £ reaches r/3 or
when depletion of the sub-Lyman continuum halts further growth. The
symbols T^. c^^^. and e^^^ in this sub-section refer then to
continuous functions as opposed to final values in other sub-sections.
Thus, the value of c^^^ at a particular into the cloud is equal to
the emergent Bra flux, calculated from the illuminated surface to the
point in question, multiplied by the factor 4TrrV(0.058 N hi^ )
B Bra
Figures 2.11 and 2.12 show the dependence of c on x for
Bra B
models S1-S4. For each model the results for N = 10^°, 10^\ and 10^^
—3
cm at a few values of r are plotted. One general impression from
the two figures is that for models S2-S4 there is a main trunk
depicting a linear dependence of c on x that rise more slowly.
Bra B '
If recombination and cascade following Balmer continuum
photoionization is the only process giving rise to Bra emission, and
if the Lyman transitions alone are optically thick, then c , by its
Bra ^
own definition, is equal to the fraction of Balmer continuum absorbed.
This fraction is also given identically by x times a constant when x
B B
is much less than unity. This constant, denoted by q, represents the
modification needed to account for the frequency dependence of the
Balmer continuum opacity. It is 0.22, 0.33, 0.45, and 0.57 for models
S1-S4 respectively. In the ideal situation then, the relation c =
^ Bra
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Figure 2.11: Growth of c^^^ as a function of ^
The thick and thin
curves refer to continuum models SI and S4
respectively. For each
model the solid, dashed, and dotted curves
refer to calculations for
N =10^°. 10'\ and lo'^ cm"' respectively.
For model SI three solid,
three dashed, and three dotted curves
are shown. In each case the
lower, middle, and upper curves, as Judged
by the highest value of
e attained, refer to calculations
for r/R.= 167. 333. and 500
respectively. For model S4 two solid,
three dashed, and three dotted
curves are shown. The lower, middle,
and upper dashed or dotted
curves refer to calculations for r/R,= 2.5.
6.25. and 12.5
respectively. The solid curve for r= 12.5
is no_t plotted to avoid
congestion at the region t^~2. 5xl0"' and
c^^^ ~2xl0 .
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Figure 2.12: Similar to Fig. 2.11, but for model S2 (thick curves)
and S3 (thin curves). Three sets of solid, dashed, and dotted curves
are shown for model S2. The lower, middle, and upper sets refer to
calculations for r/R,= 125, and 250 respectively. Only two sets are
shown for model S3, in order to avoid confusion with those for model
S2. The lower Euid upper sets refer to calculations for r/R,= 6, and
25 respectively.
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cjT^ is expected for «l. „e discuss the results for models S2-S4
first. Figures 2.11 and 2.12 show that in each case the main trunk
gives a value of e^^^ that is higher than This indicates that
the efficiency of producing a Bra photon is higher than that in the
ideal situation. One reason for this has been mentioned in the
previous sub-section. It is the higher probability of producing a Bra
photon when Hr becomes optically thick. If the emission of Hy is
completely ignored in that case, the probability of emitting Bra when
level n=5 decays becomes 0.55. as compared with the value of 0.36 when
Hy. P/3. and Bra are all optically thin. The Hy opacity reaches unity
when is about 5xl0~\ As seen from Figure 2.11. c is indeed
Bra
close to qr^ for the segment of the trunk lo"* < x < Sxio"" in model
B
S4, and is about a factor of 1.4 to 2 higher than gx for the segment
B
where x^ increases from lo"^ to lo"^ When becomes optically thick
the efficiency of producing Bra is enhanced further still. However,
Bra quickly becomes optically thick itself, so the span of x over
B
which Pp is optically thick and Bra is optically thin is short. In
addition to Balmer photoionization, ionization of hydrogen via
charge-exchange with N II, and excitation of level n=5 from the lower
ones by collisions are also sources of Bra emission. They all
contribute making c^^^ higher than gx^ along the main trunk. For the
segment 0.03 < x < 0. 1 in model S2, c is as much as 3 times gx .
B Bra ^ B
This linear dependence of c on x cannot extend indefinitely
Bra B
with increasing x^. Once the Bra opacity exceeds a few the efficiency
of emitting Bra when level n=5 decays starts to fall. Also,
collisional de-excitation of level n=5 to lower ones, as well as
collisional excitation to higher ones, begins to compete against
60
radiative decay. Further increase in t fhu then produces a less than
proportional Increase in e^^^, ana the curve of «ro„th of
.ranches off
point occurs at a smaller t when r l= „W is smaller. This is because the
electron Censity is higher then, ana more rapia huiia-up of population
from level „=2 into higher ones causes Bra to become optically thic.
earlier.
trunk or along a branch c^^^ is higher when is higher. Along the
main trunk this is because of the higher and N associated with a
higher N^. Which lead to a greater contribution to Bra emission fro.
collisional excitation and absorption of the sub-Ly.an continuum;
along a branch this is because of the higher Bra excitation
temperature and larger Stark broadening produced by a higher N^. It
would appear then that a higher efficiency of producing Bra is^
achieved with a higher N^. However, it is also seen from Figure 2.12
that in model S2 the curves of growth for N^= 10^^ cm"^ do not extend
to as high a value of (and c^^^) as those for N^= 10^^ cm'^ This
is because the final value of x^. when the sub-Lyman continuum is
depleted, is smaller when is higher, as explained earlier in
sub-section 2). Even at an attainable x^ a higher entails a larger
column density in order to reach that. The efficiency, as judged at a
fixed x^. can actually turn out to be an inefficiency, as judged at a
fixed column density. This point will be more evident in Section 2.4
where mass loss rates are calculated under the assumption that the
clouds are flowing out from the YSO.
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om
We now study the results for model SI. It appears, from looking
at Figure 2.11. that in general c^^^ rises slower than linearly with
increasing x^. and there is not clear distinction of a main trunk fr
its branches. It also appears that e is much higher than x for x
B B
< 0.01. The disparity is even larger if is compared with 0. 22xBra g'
the expected value in the ideal case of recombination. This disparity
is partly an aberration caused by our not separating the contribution
to Bra luminosity from Lyman continuum absorption. This contribution
is not negligible in the case of model SI. Depletion of the Lyman
continuum alone produces a Bra luminosity equal to 0.058 N hi^ At
L Bra'
~ °
^Bra'
^"=coJ~dir^g to equation (2.3). has already attained a
value of N^/N^ or 0.012. If this value were subtracted from each
curve of growth, c^^^ would rise almost linearly with increasing x^ in
10 ""3the case of N = 10 cm
. In the two other cases of higher No o'
particularly for r= 6x10^^ cm, it can be gauged from Figure 2.11 that
c would remain substantial at x < 0.01. This is because N is soBra B e
high in those cases that collisional excitation becomes as important
as recombination and cascade in determining the line emission. This
accounts for c^^^ higher than 0.012. The high also builds
population rapidly into level n=4, causing Bra to become optically
thick very quickly. This rapidly rising Bra opacity causes to
^
climb slowly as x^ increases beyond 0.01.
Knowing the behavior of c /c from the earlier discussion in
Bry Bra
section 2.3.3 and the fact that Bry does not become optically thick
until Bra is substantially so, we can anticipate that in a plot of
e versus x the linear portion of the curve of growth will extend
Bry B
to a larger x before it branches. The visual impression will be
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that there are fewer branches, and the ones present are closer to the
main trunk. Figure 2. 13 1 1 lustrates this dependence of c on t forBry B
models S2 and S3.
2.3.5 Miscellaneous Effects
As mentioned right at the beginning of Section 2.3. the results
presented so far are obtained from calculations that make several
standard assumptions. We shall refer to these Brackett line fluxes as
standard ones. Here we explore the effect of relaxing each assumption
one at a time. We consider first the presence of a velocity gradient
with in the cloud and evaluate how the resulting Increase in photon
escape probability affects the Bra and Bry fluxes. Allowing photon
escape toward the back surface produces qualitatively the same effect,
but in most cases it gives rise to a smaller increase in the escape
probability. We have therefore not explicitly evaluated this effect,
satisfied that the calculations Including a velocity gradient are
sufficient to demonstrate the effect of our crude treatment of
radiative transfer. Next we compare the standard fluxes with the
values obtained when stimulated absorption of the Incident continuum
at the Balmer, Paschen, and higher series lines is included. Finally,
to gauge the effect of cooling by elements other than hydrogen, we
perform calculations with the abundances of Mg and Fe set equal to
zero.
Ignoring the detailed dependence of hydrogen level population on
depth into the cloud, we find that ft /ft, the ratio of escape
probability along the velocity gradient to the escape probability in
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Figure 2.13: Grouth of c as a function of t . Two sets of solid,
dashed, and dotted curves are shown for model S2. The lower and upper
sets refer to calculations for r/R.= 30, and 125 respectively. The
single set of curves for model S3 refer to the calculation for r=6 R,.
The results for r= 250 R, in model S2, and for r= 25 R. in model S3
are not plotted to avoid congestion, as the curves essentially fall
along the main trunk.
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the case of thermal broadening, is very crudely ^ l.5£v /(rv where
V,. equal to 10(T/6xl0\)- km s^. is the thermal velocity' With
the Cloud velocity v^ given by equation (2.2). and 0 < £ < r/3. 3
is less than unity near the illuminate surface, but becomes as large
as 10. as £ increases toward r/3 in a few of the cases calculated
with a velocity gradient present in the cloud. Table 2.2 lists the
calculated cases and the ratios of Bra and Bry fluxes to the
respective standard values. A glance at it confirms that the presence
of a velocity gradient generally raises the Brackett line fluxes.
We discuss first the results on Bra. Among the standard
calculations this line is optically thin only in the ones for N = 10^°
-3 °
cm in model S4. In these cases the efficiency of Bra emission
cannot be further enhanced. Hy. on the other hand, is optically
thick, and a larger escape probability increases the probability of
its emission when level n=5 decays. This indirectly reduces the
probability of Bra emission. Thus the presence of a velocity gradient
in these cases actually produces a lower Bra flux, being 0.92 times
the standard value.
For the rest of the standard calculations. Bra is very optically
thick. There are two reasons for the higher fluxes when a velocity
gradient is present. First, the larger escape probabilities for Ha
and Pa slow down the rate of population build-up into level n=4. Bra
becomes less optically thick, and its escape probability increases
more. The high values of Bra(vg)/Bra in Table 2.2 generally
correspond to cases of high Bra opacities in the standard
calculations. The second reason is the larger Balmer continuum
opacity that comes out. This occurs because the smaller amount of
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ionization via collisions. For the sa.e population in level n=Z then,
the electron density is lower in the calculation that includes a
velocity gradient. The lower reduces the rate of collisional
de-excitation of level n=2. tending to increase the n=2 population.
It also reduces the cooling produced by free-free and bound-free
emission. The temperature rises as a result, leading to a higher
population in N I excited states. The sub-Lyman continuum is then
absorbed more rapidly, and the n=2 population increase more. A higher
heating rate from Balmer photoionization also follows. The rises in T
and eventually halt when, owing to the now higher rate of Balmer
photoionization. increases sufficiently to produce a higher cooling
rate and more collisional de-excitation of level n=2. To summarize,
it is the combination of a larger x and yet a smaller x that
" Bra
produces a Bra flux considerably higher than the standard value.
The analysis of Bry emission is more complicated. This is
because Bry competes with five other lines for the radiative
de-excitation of level n=7. In several calculations Hua and Pfp are
more optically thick than Bry, which is one reason for why c is
quite a bit higher than gx^. the expected value in the ideal case of
recombination (c. f. Fig. 2.13). In those cases where Bry is optically
thin, but Hua and Pf/3 are optically thick in the standard calculation
a larger photon escape probability then does not necessarily produce a
higher Bry flux. This explain why Bry(vg)/Brr is less than unity
(being 0.85) in one case, and only slightly larger than unity in
several more, while Bra(vg)/Bra is considerably larger. When
Br9r(vg)/Br9r is significantly above unity, it is usually that Bry is
quite optically thick in the standard calculation.
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Table 2.2 shows that Bra(vg)/Bra and Brr(vg)/Br. are as high as 3
in some cases. They are the calculations for high and small r,
situations Where Bra and Br, opacities are very hlgh^ln the standard
calculation, and where the velocity gradient Is large. As far as the
maximum value of c^^^ or e_^^^ for a given YSO Is concerned, the
increase Is smaller, since the maximum is attained when the line
opacity is not very large. Plotting c^^^ and c^^^ from calculations
that include a velocity gradient as a function of r and (analogous
to Figs. 2.1, 2.3-2.5, and 2.7-2.10), we find that the maximum value
of Va 1= higher by a factor of 1.2, 1.5. and 2.0 In models S2. S3,
and S4 respectively. Correspondingly, the maximum value of c
Brjr
is higher by a factor of 1.2. 1.4. and 1.7. Thus, despite substantial
changes in the photon escape probability, the main results differ by a
factor < 2. This gives us confidence that our crude treatment of
radiative transfer is not the cause for great concern. As mentioned
in Section 2.2.4. this is not unexpected. The two-step production of
Brackett line fluxes is not highly sensitive to the details of
radiative transfer. The first step, population of level n=2 via
absorption of the sub-Lyman continuum, is affected little by Lya
transfer. The second step, photoionization from level n=2 followed by
recombination and cascade, produces a large portion of a Brackett line
flux before optical depth effects come into play.
We now examine the effect of including stimulated absorption and
emission by the incident continuum at the Balmer, Paschen. and higher
series lines. As mentioned in Section 2.2.4. a Bra photon can be
emitted following absorption of a Hy photon. When Hy is optically
thin, the absorption rate (s M of the incident continuum is given by
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(25/4)(0.25 H^r^)V[exp(h.„^/.T.)-n. This rate, multiplied hy the
probability that a Bra photon will be emitted, which is V/(A^^^.
V ^ the Bra production rate by this process. The
production rate from Balmer continuum absorption, on the other hand,
is 0.058 N^o-^c,/(4„r^). where is the photoionization cross-section
at the Balmer edge. From these expression we calculate that the ratio
of former Bra production rate to the later one is about 1.5. 2.2. 3.3.
and 5.1 in models S1-S4 respectively. Similarly, the ratio in the
case of Bry production is about 0.9. 1.2. 1.7. and 2.4. Hy and He.
however, become optically thick much sooner than the Balmer continuum.
They have optical depth of unity when x is about 4.5x10"'' and
1.7x10 ^ respectively. Once each line becomes optically thick, the
rate of its absorption rapidly drops. From this discussion and the
earlier standard results we anticipate that inclusion of stimulated
absorption has an important effect only in low luminosity YSOs.
Table 2.3 lists the results of three calculations. The telltale
result is the net line flux (row d), obtained by subtracting the flux
absorbed out of the continuum from the flux emitted by the cloud. It
is seen that the net H5 and He fluxes in all the three illustrative
calculations, and the Hy flux in one are negative. Indicating that
more flux is absorbed out of the continuum than is emitted by the
cloud. If there is a spherical distribution of clouds that covers the
YSO entirely. H5. He, and Hy will appear as absorption lines in those
cases. Comparing the net Bra and Bry fluxes with their respective
standard values shows clearly an enhancement as a result of stimulated
absorption of the incident continuum, which is quite strong in model
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S4. Besides Bra and Br., other lines are also enhanced. To nane a
feu, they are Ha (as can be seen fron Table 2.3), Pa. Brg, and Pf,.
To gauge the effect of cooling produced by elements other
than hydrogen, ue have performed two calculations that differ from the
standard ones in having a zero abundance of Mg and Fe. They are the
cases for lo" c^,-^ r= 125 R, i„ model S2. and N = 10" cm"' r-O '
25 R, m model S3, cases where In the standard calculations c^^^ and
^^^^1 ^lose to the maxima for that continuum model.
Without cooling from emission of Mg II A2798 and Fe II multiplets the
temperature is higher, and a greater fraction of N I is found in the
excited states. This gives rise to a faster absorption of the
sub-Lyman continuum, and a larger population in level n=2. The Balmer
continuum is absorbed more, and the Brackett line fluxes are
increased. Quantitatively, in the calculated case for model S2 c
Bra
and c^^^ equal 0.12 and 0.32. as compared with the values of 0.1 and
0.25 respectively in the standard calculation. In the calculated case
for model S3 they are 0.027 and 0.071, as compared with the standard
values of 0.02 and 0.044 respectively. Thus, the cooling produced by
heavy elements has a measurable, but not overwhelming, effect on
Brackett line fluxes.
2.4 Discussion
We first summarize the main points arrived at so far. We have
identified two processes that populate the level n=2 of hydrogen after
the Lyman continuum is depleted. They are: ionization of N I from its
excited states and Ly/3 line wing absorption, the former being the more
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important. Both processes involve absorption of the sub-Lyman
continuum between 11 and 13.6 eV. Despite its weak magnitude, this
continuum is an efficient source of energy for exciting hydrogen from
the ground state. A very large portion of its energy is used to
furnish the excitation energy between the n=l and 2 levels. In
contrast, the Balmer continuum, for all its greater energy content,
can only supply that excitation energy indirectly via the heating
generated from ionization. For each Balmer continuum photon absorbed
the energy excess above the ionization threshold ranges from only -^1.6
eV for a 10^ yso to 0.6 eV for a 10 one. Then, in competing
for that energy, several other processes, such as free-free emission,
bound-free emission and collisional excitation of Fe II multiplets.
dominate over collisional excitation of hydrogen from the ground
state. Add on the fact that energy must first be expended to produce
excitation to level n=2 before energy is generated from Balmer
photoionization. it is understandable why the Balmer continuum is much
less important than the sub-Lyman continuum in generating excitation
from the ground state. Even though there has been no observational
measurement, we believe the sub-Lyman continuum strengths assumed for
the four YSOs studied (continuum models S1-S4) are reasonable. With
population in level n=2 thus maintained by sub-Lyman continuum
absorption, the strong Brackett line fluxes observed are then produced
as result of Balmer photoionization (Simon et aJ. 1983). a process
that is logical and appealing, since the Balmer continuum must
constitute a substantial fraction of a YSO' s luminosity.
Both ionization from N I excited states and Ly/3 line wing
absorption occur at a slow rate. This circumstance is not really a
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drawback because ionization of hydrogen, through charge-exchange with
N II and Balmer photoionization, will be weak and hydrogen will be
mostly neutral once the Lyman continuum is exhausted. The very large
Lya opacity that occurs means that de-excitation of level n=2 via Lya
escape is unimportant. For each sub-Lyman continuum photon absorbed
and a hydrogen atom excited to level n=2 then, many Balmer continuum
photons will be absorbed before the atom Is de-excited back to the
ground state. Thus, given the aid of the strong Balmer continuum, a
sub-Lyman continuum photon is much more efficient than a Lyman
continuum one in producing optical and infrared lines of hydrogen.
However, in order to absorb a substantial portion of the sub-Lyman
continuum, a much larger nucleon column density, > 10^^ cm~^, is
needed.
Putting the above concepts into a quantitative framework, we have
performed numerical calculations that cover YSOs over a luminosity
range from ~ lo" to ~ 10 L^. For each continuum model (c.f. Table
2.1), we determine the Bra and Bry fluxes from a cloud illuminated by
the continuum. We explore the dependencies of these fluxes on the
nucleon density (cm ^) of the cloud, and on the distance r of the
cloud from the YSO. There is a constraint on the cloud size in that
its thickness £ cannot exceed r/3. For each YSO we find that there is
an optimal set of and r for which the luminosity of a Brackett line
is the highest. This occurs because while a higher rate of populating
level rj=2 (achieved by increasing the sub-Lyman continuum intensity
through decreasing r and, to ensure a column density large enough to
absorb that continuum, by increasing N^) would cause a larger fraction
of the Balmer continuum to be absorbed, too high a rate would increase
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inuum
Lne
the electron density and Brackett line opacity so rapidly as to
severely curb the line emission.
We gather the maximum Bry luminosity attained in each conti,
mode, and mark it in a Thompson's plot (Fig. 2.6). We have exami,
the uncertainties in these results cause by our crude treatment of
radiative transfer. We believe the results are. within a factor of 2.
accurate. They are also likely to be underestimates, as those
calculations assume there is not a velocity gradient within the
emitting cloud, whose presence will facilitate escape of a line
photon, and do not include stimulated absorption of the incident
continuum at the Balmer and higher series lines, which processes will
produce Bra (Dry) emission upon absorption of Hr (He) photons. The
one parameter the Brackett line fluxes are most sensitive to is, of
course, the magnitude of the sub-Lyman continuum. It is this
continuum strength that dictates the fraction of Balmer continuum that
will be absorbed. We believe our estimate of it for each of the three
more luminous YSOs is conservative. For the 13 YSO, it is very
poorly known, and we have made two estimates.
Figure 2.6 constitutes the main result of this chapter.
Comparing with a plot of Bry data observed by Thompson (1987) and
Evans et al. (1987), we feel confident that this two-step process of
first populating level n=2 via sub-Lyman continuum absorption, and
then ionizing that population by the Balmer continuum can account for
a large majority of the data over a wide luminosity range. In
Thompson's figure (1987) there are three Bry fluxes, observed at low
luminosity YSOs (L < 20 L^), that exceed what can be produced even
with complete absorption of the Balmer continuum. Our model cannot
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account for those observational results. We note, though, that in a
list Of 13 YSOs those three have the highest values of visual
extinction. Their very strong Br, fluxes .ay then be caused partly by
over-estimates of the degree of foreground attenuation.
Accepting our model of Brackett line production, we discuss now
what else can be learned from the calculations. One result is the
rough location of the emitting clouds. While in an actual YSO the
clouds are likely to be found over a wide range of distances from the
continuum source, it can be judged from Figures 2.1-2.5 and 2.7-2.10
that most of the line emission probably originates from clouds
occupying the region between ir^^ and 2r^^. where r^^ is the distance
at which the highest luminosity of a Brackett line is reached. This
distance for the Bra line is about 1.6 times further than that for
Bry. It is also dependent on the magnitude of the sub-Lyman continuum
ic.f. eq. [2.8]). Assuming continuum models S1-S4 to be
representative of YSO energy distributions, we find that this region
of line emission occupies roughly 150-1.5x10^ R,. 40-400 R^, 7-70 R,,
and 2-20 R^ for YSOs of luminosity about 10*. 10^, 10^, and 10 L
o
respectively. If the clouds were moving away from the YSO. this rough
location of them would place a constraint on where the acceleration
had taken place.
Another result is the total amount of mass in the emitting
clouds. Knowing that they are moving at high velocities, we believe a
more interesting form of this result is the rate of mass loss (in the
case of outflow) or mass gain (in the case of infall). If the clouds
at a distance r form a spherical shell, this rate is
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M ~ 4„r* (1.3™^, v^,
Where the factor of 1.3 accounts for the contribution of hellu. to the
average ™as= of a nucleon. We assume that the cloud velocity v^ has a
magnitude given by equation (2.2) and, In light of strong evldeL of
outflow at a YSO, Is along a direction radially a„ay from the
continuum source. The column density N Increases from zero at the
Illuminated surface to its final value at the point where either
r/3, or exhaustion of the sub-Lyman continuum halts further growth of
T^. For a particular N the emergent flux (erg s"' cm'^) of a Brackett
line emitted by that column can be calculated. This flux, multiplied
by 4„r=, then gives the line luminosity produced by the mass loss rate
corresponding to that same N. By plotting this luminosity (L or
Bra
\r^^ versus M for different parameters of r and N^. we can examine
the range of this relationship for a give YSO. Figure 2.14 presents
such a plot for Bra.
We choose to illustrate with Bra because its luminosity is more
reliably determined from observations. For each of the continuum
models S2-S4 we evaluate L^^^ and M for 3 of the 4 values of r
studied. The calculation for the largest value of r is not
illustrated, for the following reason. Figures 2.8-2.10 show that at
that r L^^^ is below the peak value, and decreases with further
increase in r. In general M is higher when r is larger, as can be
Judged from Figure 2.14. Thus, while the same L is produced at
Bra ^
values of r both smaller and larger than r , it is more efficient, as
pk
measured by M, to produce L at the smaller r. For continuum modelBra
SI the peak of L^^^ is not reached even at the largest value of r
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Figure 2.14: Relation between L^^^ (in units of watts) and M. For
each continuum model illustrated, three solid (N = 10^° cm~^) and
three dashed (N^= lo" cm~^) curves are plotted. In each case the
lower
,
middle, and upper curves, as Judged by the highest value of
^Bra
attained, refer to calculations for r/R,= 2.5, 6.25, and 12.5
respectively in model S4, for r/R,= 6, 25, and 50 in model S3, for
r/R^= 30, 125, and 250 in model S2, and for r/R^ = 167, 333, and 500 in
model SI. The three dotted curves (N^= 10^^ cm"^) in model S4 bear
the same references to r/R, as the solid and dashed curves do. Those
in model S3, however, have a different dessignation. There, the
lower, middle, and upper dotted curves refer to calculations for r/R^=
6, 50, and 25 respectively. The dotted curves for models SI and 82
are not shown in order to avoid congestion.
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considered. In this case the calculation for the smallest value of r
is not illustrated owing to the weak L
Bra
It is interesting to compare Figure 2.14 with Figure 2.11 or
2. 12. The latter figure shows the relationship between e and theBra
Balmer edge opacity r^. The quantity c^^^ is directly proportional to
Va'^^B' ^° measures the efficiency of Bra production, while L
Bra
measures the total production. At the same time x indicates directly
the degree of involvement of the Balmer continuum, while M indicates
the amount of mass necessary to bring forth that involvement. The
°^ Va ''^'^^^ "^^^^1 theoretically for learning details of
Bra emission following Balmer continuum photoionization. The plot of
^Bra
^^""2"^ " is useful pragmatically for relating the line
luminosity, an observable, to a physical quantity, the mass loss rate,
which may also be measurable. Thus, from Figures 2.11 and 2.12 we
learn that, for a fixed x^, a higher generally leads to a higher
efficiency of Bra production. Yet, from Figure 2.14, we find that,
for a fixed M, the opposite situation is the norm. However, in
neither case is the disparity large. Figure 2. 14 shows that for
clouds at the same r the same L is produced by mass loss rates that
Bra
10 12 ~3differ by a factor of < 3 as N increases from 10 to 10 cm .
o
A third result that can be learned from the calculations is an
estimate of the nucleon density in an emitting cloud. While we
have just mentioned that L , for a fixed N or M, is not very
Bra '
•
sensitive to N
,
it is clear that there is a limit to A' or M that can
o
be achieved with a small N^. Thus, in model S4 the highest value of M
shown in Figure 2.14 is 4.6x10 ^ M yr ^ when N = 10^° cm ^, while it
^ o o
is 6.2x10 ^ yr ^ when N^= 10^^ cm ^. The corresponding values of
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L,^„ are ,.3x10 and 10^ W respectively. To produce a higher L
in .odel S4, a higher Is then necessary ,as Is already known rZ
Figure 2.10), even If it entails a higher M. „e conclude that
probably lies In the range lo'°- ,o'= o.'^ and that It Is higher at a
less luminous YSO.
If one is not concerned with the detailed dependence of the
^ra" " relation on r and N^. the curves for each YSO in Figure 2. 14
can be lumped together to show an overall relation. Figure 2.15
illustrates this. The left boundary of a shaded region gives the
optimal L^^^ as a function of M. The size of the shaded region, as
marked out by the right boundary, gives an estimate of the uncertainty
in M for a given L^^^. It is illustrative only, as our results do not
really impose an upper bound on M.
Simon et al. (1983) have previously derived a relation between
^Bra " isothermal, ionized outflow. Their relation, in the
case of a constant-velocity flow at 100 km s"\ is indicated in Figure
2.15 by the single solid curve. We note that in our calculations the
cloud velocity lies in the range 25-40. 40-120. 110-330. and 250-590
km s Mn models S1-S4 respectively. For a more accurate comparison
between our results for those models and the relation of Simon et al.
(1983) we should have plotted their relation using constant speeds of
about 32, 72, 190. and 380 km s~^ respectively. But it is clear form
Figure 2.15 that the great disparity between the shaded regions and
the solid curve overwhelms these small modifications.
We note three essential differences. First, for a given YSO we
find there is a ceiling to L^^^- This ceiling is imposed by the
sub-Lyman continuum strength which dictates the fraction of Balmer
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Figure 2.15: Relation between L^^^ and M. The shaded regions are
approximate sketches of detailed results shown in Fig. 2.14. The
solid curve marks the relation given by Simon et al. (1983) in the
case of an ionized outflow at a constant velocity of 100 km s~\
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Lon
contln.™ that v,Ul .e
...o.be. ,„ deriving thei. ^. , .^Uti.
Sl^on et aj. (1983, did not Incorporate the constralnt^n L
by their Idea of Bal.er continuum photolonlzatlon, namely, ^at^
should not exceed the value of n nq« m k
^'^^
i 0.058 N^h..^^^ expected for a complete
absorption of that continuum. This ceilin^^ on iling L^^^, however, is still
nuch higher than what ue obtain, a= It can be seen fro. Figures
2.7-2.10 that c (c f ^rr r-? ti ^ <
Bra 12. 3J) is much smaller than unity.
second, for an attainable L^^^ the minimum M required according to our
results is much higher. This is because our calculations, which
determine the ionization equilibrium of hydrogen, the excitation of
its levels, and the balance between heating and cooling in a
self-consistent manner, obtain values for the electron fraction
(typically < 0.1) and Bra excitation temperatures (typically < 3500 K)
that are much lower than the values of nearly unity and 10* K.
respectively, assumed by Simon et al. (1983). Third, for a given YSO
we find that L^^^ rises more slowly with increasing M than the M
dependence given by Simon et al. (1983). Figure 2.15 shows that L
Bra
is roughly proportional to M in model SI. to M in models S2
and S3, and to M in model S4. Two factors contribute to these
weaker dependences. They are: the slow rate of populating level n=2
at large ;V and r (and therefore M) via sub-Lyman continuum absorption,
and the slow growth of L^^^ once Bra becomes optically thick.
Evans et al. (1987) have attempted to relate mass loss rates
determined from CO observations to Bra luminosities. Using the
^Bra~ "
relation of Simon et al. (1983). they find that those mass
loss rates would imply stronger Bra emission than observed. It is
clear from Figure 2. 15, then, that our L - M relations, which depend
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on YSO luminosity win nrowiw^provide a much belter basis for understanding
the observed data of L and M dVa \o- B^y°nd this general statement a
more definite relation of an observed L to .
Bra ^ theoretical M (in
order to compare with M^^, „ould require a modeling of each
individual VSO that ma.es use of Intensities and profiles of several
hydrogen lines to determine better the location an
.Inematlcs of the
emitting gas.
Despite the lac. of preclseness. Figure 2.15 does suggest a trend
which, If established, has Interesting Implications on both the
evolution of a YSO and the physical conditions of the in-si,u
environment. u Is that H does not appear to be a strong function of
YSO luminosity. We note first that L^^^ Is Indeed strongly dependent
on L. Thus the smallest L__,_^ 1„ model SI sho™ Is a factor ~ 2x10^
larger than the highest L^^^ In model S4. The values of M needed to
achieve those Bra luminosities In the two models are, however, nearly
the same. If YSOs of low luminosities tend to have L 's close toBra
the highest values attainable, it would Indicate that their mass loss
rates are not much smaller than those of highly luminous YSOs.
In the next chapter we present flux ratios of hydrogen lines and
continua. in order to provide additional tests of the model through
comparison with observations.
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CHAPTER 3
TOEORETICAL RESULTS AND OBSERVATIONAL CONSTRAINTS
3. 1 Introduction
The evolution of a young stellar object (YSO) onto the main
sequence is a complicated and dramatic process. For T Tauri stars,
the less obscured, low luminosity (L < 20 L^) YSOs. observations have
revealed shock-excited Herbig-Haro objects, optical and radio emission
Jets, stellar winds, and circumstel lar disks (e.g., see review in
Bertout 1984). For the more deeply embedded YSOs. observations have
detected broad infrared line emission of hydrogen, and compact
free-free continuum emission (Simon et al. 1983; Evans et al. 1987).
Strong outflows, in a bipolar structure, are also associated with
YSOs. as revealed by millimeter molecular line observations (Snell.
Loren. and Plambeck 1980; Bally and Lada 1983).
As part of the effort to uncover the physical conditions in the
environs of YSOs. we examine in this thesis the hydrogen line
formation process. This study is motivated by the results of H I line
observations which indicate that the Bra and Bry fluxes are too strong
to be explained in terms of photoionization by the Lyman continuum of
a zero age main-sequence (ZAMS) star of luminosity equal to the YSO" s
(Thompson 1984, 1987). Also, the observed ratios of the H I infrared
lines are generally not consistent with standard optically thin values
modified by foreground extinction.
In Chapter 2 we presented our hydrogen line excitation model. It
was shown that the strong Brackett line fluxes can be explained by a
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two-step absorption process. First, the n=2 level of hydrogen is
populated (once the Lyman continuum is depleted) by N I excited state
photoionization. followed by charge-exchange between N II and H I. and
by Lyfi line wing absorption. Both processes make use of the incident
continuum in the 11 - 13.6 eV range (which we refer to as the
sub-Lyman continuum). With population in the n=2 level thus
maintained, the infrared line fluxes are then produced by Balmer
continuum photoionization. as first suggested by Simon et ai. (1983).
We first summarize the main results of Chapter 2. There we
presented self-consistent calculations of the ionization equilibrium
and thermal balance of a gas cloud having a nucleon density N and
o
located at a distance r from the YSO. A plane parallel geometry of
thickness I (< r/3) was assumed for the circumstellar clouds. The YSO
is characterized by its energy distribution and we considered for the
most part four continuum models, labeled SI - S4. which are chosen to
resemble the continua of ZAMS stars having luminosities of ~ lo'*, 10^,
2
10
,
and 10 respectively. We demonstrated that the excitation
model can produce Bra and Bry fluxes comparable to those observed. We
determined how those fluxes depend on r, N^, and I, and, assuming the
gas clouds to be moving away from the YSO. calculated the Bra
luminosity as a function of the mass loss rate.
In this chapter we aim to establish the excitation model on a
strong footing by comparing theoretical predictions of line fluxes,
line ratios and radio continuum emission with available observations.
We also present a new method to estimate the amount of obscuration
towards a YSO based on a correlation we find between Pfy and Bry.
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TO set up the observational data base, „e have gathered the
relevant Information for 29 sources. About half of the™ are the
heavily obscured, moderate to high luminosity (L > 100 vsos. Five
are T Tauri stars. Seven belong to a class of emisslon-Une stars
With infrared excesses. They are fairly luminous (L > 10= L^), not as
heavily obscured (A^ s 10 mag), and are included because thel
Brackett line fluxes shou properties similar to those of more deeply
embedded YSOs. One source is a standard H II region. It is included
to provide an example of line ratios produced under nebular
recombination conditions. These oathoroH ^,f,in g e ed data are summarized in tuo
tables in Appendix E.
The plan of this chapter is as follows. In § 3. 2 we compare the
Bra luminosities obtained in our models with observations. We also
compare theoretical values of Bry/Bra and Pfy/Bra with available
observations, and advocate a new method for estimating A^. In § 3. 3
we study the relation between Bra flux and 6 cm (and 1.3 cm) free-free
continuum flux, and present a two component model for the radio
emission. We summarize the important results in § 3.4.
3.2 Infrared Line Fluxes
In Chapter 2 the highest Brr flux calculated in each continuum
model was presented in a plot of L versus N^V, where L is the YSO
luminosity, and N^V represents the integration of electron density
squared over volume that is needed to bring forth the Bry flux as a
result of standard recombination and cascade. The argument was made
that the model results can account for the bulk of the observed Bry
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fluxes. To co.ple.ent this comparison between theory and
observations, we present in Figure T i . ,f 3.1 a similar plot for Bra We
have ccputea the value, of
.Jv rro. the ohse.vea Bra nuxes Uste.
.„
Table E.1 after correction for foreground attenuation using puhUshea
extinction estimates listed In Table 3.1. Because Bra Is less
affected by dust extinction than Br,. Figure 3. 1 provides a better
Observational constraint to our excitation
.odel. The right and left
solid curves mark the values of N^v th^f , ,^V that would come about if the Lyman
and Balmer continuum, respectively, are completely absorbed. The
dotted curve gives the maximum value of n/v. corresponding to the
maximum Bra luminosity calculated (see Figs. 2.7-2.10 of Chapter 2).
in our excitation model. The observed objects are marked in the
figure and numbered according to their listing order in the tables.
It is clearly seen that our hydrogen excitation model can account for
the Bra strengths of most of the objects. In particular, we note that
for 20 < L/L^ < 4x10^ the observed fluxes appear to trace out a curve
of maximum emission which is reproduced by our model.
For low luminosity (L < 20 L^) YSOs. however, our model is not
successful in explaining the full strengths of observed Bra (and Brr)
luminosities. We shall elaborate more on this point in § 3.4.
Other than Bra and Bry the infrared line most commonly observed
in YSOs is Pfy. Before mentioning its calculated fluxes, however, we
comment first on current methods to correct observed fluxes for
foreground extinction. This discussion is relevant because not only
re intrinsic line fluxes needed for comparison with theoretical
lues, but we also find a theoretical relation between Pfy and Bry
that can be used as a reddening indicator.
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Lons
The majority of embedded YSOs studied have visual extincti.
between 10-40 mags.
.
which translate into Br. obscurations of ~ i to 4
mags. Early attempts to estimate the amount of extinction toward
these objects were based on the assumption that Case B nebular
recombination theory applied (Joyce. Simon, and Simon 1978; Thompson
and Tokunaga 1979b). Under this framework the intrinsic hydrogen line
ratios are determined assuming optically thin Balmer and higher series
transitions. This assumption may not hold, however, in emission
regions around YSOs. Evidence for large optical depths in the Balmer
series is provided by the detection of 0 I X8446 in a list of YSOs by
McGregor. Persson and Cohen (1984). This line most probably arises
from the Ly^ resonance fluorescence mechanism, which requires a high
Ha optical depth (e.g.. Kwan and Krolik 1981). Another indication
that the standard theory does not apply comes from observed Pfy/Bra
ratios, which are generally higher than expected (cf. Table 3.1).
McGregor. Persson and Cohen (1984) find a similar trend in the P8/P7
to P12/P7 ratios. Finally, evidence for optically thick Brackett
lines is furnished by detailed theoretical calculations of the
hydrogen line emission (Chapter 2).
Another estimate of the obscuration toward a YSO has been
obtained from the depth of the silicate absorption feature at 9.7 nm
(Gillett et al. 1975). A large uncertainty is present in this
method, however, as it is not clear, a priori, that the observed
depression at 9.7 /jm is solely due to foreground absorption. Kwan and
Scoville (1976). and Yorke and Shustov (1981) have found, upon
modeling optically thick infrared sources, such as BN, that a
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substantial portion of the 10 Mm devres^^nr. ,a p ession is the result of a much
weaker emission from the source at th^ q 7e 9.7 ^m resonance than in the
neighboring continuum.
A third method has been used by McGregor. Persson and Cohen
(1984) Who determined the amount of extinction for a group of VSOs by
modeling the observed continuum (between 0.6 and 1.0 ^m) as the
combined emission from a stellar photosphere and a circumstellar
Shell. Finally, a more accurate method has been used by Cohen and
Kuhi (1979) who estimated the extinction toward less obscured
pre-main-sequence stars by measuring their color excesses as compared
to standard stars. This method is limited to objects with low Av's.
We now advocate a new method based on a strong correlation we
find between the intrinsic values of Pfy/Bra and Br^/Bra.
3.2.1 A Theoretical Pf^r/Bra - Err/Bra Relation.
Figure 3.2 presents the values of Pfy/Bra and Bry/Bra obtained in
the different cases studied in Chapter 2. For each given set of the
parameters L. N^. and r. the values of Pfy/Bra and Bry/Bra attained at
the end of the slab U < r/3) and also at £ « r/30 are plotted, in
order to cover the dependence on slab thickness. For clarity we
distinguish the points marking Pfy/Bra versus Bry/Bra only by the YSO
luminosity or L. The solid curve in the figure is a smooth fit
through the plotted points. It is obtained by Joining two linear fits
over the ranges 0.3 < Br^r/Bra ^ 0.6, and 0.8 < Bry/Bra < 1.8. We note
that while the plotted points represent results from many
calculations, if in a particular calculation Pfy/Bra is plotted
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CD
CD
against Br./Bra as I Increases fro. 0 at the iUuMnated surface to
r/3, the results will trace through part or aU of the correlation
seen in Figure 3. 2.
Several interesting results follow directly from inspection of
Figure 3.2. First, there is a strong correlation between Pfy/Bra and
Brr/Broc that is nearly independent of the physical conditions (i.e..
L.N^.r. and i) of the emitting region. Second, the model results can
account for the de-reddened observed ratios. Because Bra and Pfy are
close in wavelength. Pf^r/Bra is less affected by foreground extinction
and is therefore more important than Bry/Bra as a model constraint.
Observed values of this ratio are generally larger than the standard
Case B value and our model indeed produces those values. With the
exception of S140 IRSl (Pfy/Bra = 1.2). the YSOs in Table 3.1 with Pfy
and Bra measured have Pfy/Bra in the range 0.10 to 0.50. The observed
values of Bry/Bra. after correction for reddening, are more uncertain.
Nevertheless, except for GL 989 (Br3'/Bra = 2.4). they fall between
0.3 and 1.4, which is the range of calculated results. It is also
worthwhile to note that when the de-reddened sets of observed Pfy/Bra
and Brr/Bra (cf. Table 3.1) are plotted they scatter about the
theoretical correlation indicated by the solid curve in Figure 3.2.
The dispersion is large, but a connection between the theoretical
correlation and observations is clearly present.
The departures of Bry/Bra and Pfy/Bra from the standard Case B
recombination values can be understood largely in terms of optical
depth effects. Their detailed dependences on column density and
electron density will be discussed in Chapter 4 where other line
ratios will also be studied. Here we summarize the main points
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pertinent to establishing their strong correlation. When all the
hydrogen transitions except the Ly.an series are optically thin, and
the angular momentum states within a given level n are completely
mixed, and collisional excitation and de-excitation are unimportant,
we find Br./Bra
. 0.43. Pf,/Bra . 0.16. and Pf,/Br. . 0.36 as a result
of recombination and cascade. These values are obtained near the
illuminated surface of the slab. With further advancement becomes
optically thick while Bra. Brr. and Pfy remain optically thin. This
is because population is built up from level n=2 to higher ones
successively. The reduced efficiency of emission causes more Bra
production when level n=5 decays. Consequently Bry/Bra and Pfy/Bra
both decrease. When He and then H8 (n=8 -> n=2) become optically thick
Br^r and Pfy emissions are also enhanced, but by a smaller factor.
When P^ becomes optically thick, which usually occurs before Bra does,
Bra emission is enhanced further still. Bra emission is also
increased because the decays of levels n=8 and 7 will populate n=5
more. All these factors account for the segment of the correlation in
Figure 2 where Bry/Bra decreases from 0.43 to 0.3. The slope of the
segment (i.e., APfy/ABry), which is almost linear, is ~ 0.32. and is
smaller than the value of ^ 0.36 found earlier at the illuminated
surface. This is because He becomes optically thick before H8 does,
and Br^r emission is increased more when He and H8 are both optically
thick.
As seen from Figure 3. 2 Brj/Bra and Pfy/Bra reach their lowest
values at 0.3 and 0.1 respectively. They begin to increase when Bra
becomes optically thick. They do not increase monotonically with
increasing depth into the slab, however. When Bra, Bry and Pfy are
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all very optically thick their relative emission rates depend on the
li-nltlng excitation temperatures between the transitions. They also
depend on the electron density N^, since Stark broadening Is .ore
important for Brr and Pf, than for Bra. In some calculated cases
Br,/Bra and Pf./Bra reach their maximum values and then decrease with
further increases in column density. The high values of Bry/Bra and
Pfjr/Bra obtained in the calculations are generally attained at small r
and large N which produce a high No ° e"
The behavior of Pfy/Bra and Bry/Bra follow each other closely.
Their tight, roughly linear relation is largely because Pfy and Bry
become optically thick at nearly the same time. The values of Bry/Bra
at which Bry and Pfy have opacities of about unity depend on the
parameters L.N^. and r. but are generally between 0.6 and 1.0. Over
the segment Bry/Bra > 0. 8 in Figure 3.2, APf^/ABry « 0.41 as determined
from the slope of the solid curve. It is higher than 0.36. This is
because the optical depth of Pf^- is usually smaller (though only
slightly) than that of Bry. and Pfy has a larger Stark broadening
parameter, which increases the photon escape probability when the
transition is optically thick. Over the whole range of calculated
results Bry and Pfy span a range of optical depths from almost zero to
several hundreds. The ratio Pfy/Br^-, however, does not vary much,
being between 0.32 and 0.39. It is this small variation of Pfy/Bry
with optical depth, producing a nearly constant intrinsic value, that
makes this line ratio promising as a reddening indicator.
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3.2.2 The Pf3^/Br3r Ratio as a Reddening Indicator
If the Bra. Br. and Pf, fluxes are all observed, the ratios
Pfr/Bra and Br./Bra. together with the Intrinsic relation evident in
Figure 3.2. can be used to determine the amount of foreground
extinction. The effect of reddening is to displace the intrinsic
Pf./Bra
- Br./Bra relation towards the left according to the amount of
obscuration. In Figure 3.3 we show the intrinsic relation (solid
curve) together with relations (dashed curves) displaced for various
amounts of visual extinction. In deriving the reddened curves, we
have used the monochromatic extinction law determined by Landini
et al. (1984) from the analysis of infrared lines in H II regions:
^ ^ =
^-"^^
]
0.7sA(Mm)^5. (3.1)
Here is the visual extinction and is the extinction (in
magnitudes) at wavelength \(nm). This relation is in good agreement
with the commonly used Van de Hulst No. 15 extinction curve. The
differential extinctions are:
E(Bry - Bra) = 0.064 A^. (3.2)
E(Pf3r - Bra) = 0.0047 A^. (3.3)
In Figure 3.3 the arrows illustrate how an intrinsic set of
(Bry/Bra, Pfy/Bra) is displaced as a function of A . Conversely, one
V ^
'
can determine from an observed set of (Bry/Bra. Pf3'/Bra) and Figure
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100
3.3 the value of and the intrinsic values of Bra. Br^. and Pf,.
The uncertainty present in the estimate of using this method (aside
from the applicability of our model of hydrogen line formation) can be
judged from the dispersion about the solid curve in Figure 3.2. which
we estimate to be < ± 5% for Br^/Bra ^ 1.0 and < ± 10% for Brr/Bra >
1.0. The corresponding uncertainties in determining A^ are ~ 1 and 2
mags, for the two respective regimes. We note that errors in observed
line ratios (± 10 - 20%) will themselves generate an uncertainty in
A^ of about 2 to 3 mags.
In Table 3.1 we list for 29 sources the observed and de-reddened
line ratios using conventional estimates of extinction. For sources
with more than one published value of A^ the average was adopted. We
have included the value of A^ estimated on the basis of standard
nebular recombination theory only for the sources G333. 6 and Mon R2
IRSl. The former object is an H II region and has been included for
comparison. The latter object has no other estimates. Its observed
Pf3r/Bra ratio, however, does suggest that Case B recombination theory
could provide a reliable estimate for this object. For those sources
with Bry/Bra and Pf^r/Bra available we have also computed the amount of
extinction using the theoretical Pfj/Bra - Br^/Bra relation. This
estimate is referred to as A (model).
v
For comparison, we have plotted in Figure 3.4 our extinction
estimate. A^(model), versus estimates by other methods. Our values
are certainly consistent with other estimates. However, owing to the
large uncertainties present in some methods, it is difficult to make a
more quantitative comparison. In particular, we note that for GL 961
A^(model) is ~ 30 mag., while McGregor, Persson, and Cohen (1984)
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Figure 3.4: Comparison between visual extinction (in magnitudes)
estimated using the theoretical Pfy/Bra - Bry/Bra relation (Fig. 3. 3)
A^(model), and visual extinction estimated by other methods,
(other). The numbered symbols refer to the sources listed in Tabl
E. 1. For uncertainties in A^(model) and A^(other) consult Table 3.1
The solid line is a 45° line.
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deduced a lower value of 15 mag. We regard their estimate as a lower
limit Since the extinction inferred from nebular recombination theory
is likely to provide a lower bound to and it is ~ 20 mag. A large
discrepancy also exists between A^ (model) for T Tau and the
established value of 1.4 mag. This source has a more deeply embedded
companion T Tau(S) and it is not clear how much of the infrared line
fluxes are contaminated by the southern object (Persson et al. 1984;
Hamann. Simon and Ridgway 1988). However, it is also important to
note that one may question the applicability of our model for very low
luminosity YSOs (L < 20 L^) as pointed out earlier.
In view of the fact that the theoretical Pfy/Bra - Bry/Bra
relation depicts a near constancy of the Pfy/Bry ratio, the
determination of A^ can be obtained simply, and quite accurately, by
making use of that ratio and the observed Pfy and Bry fluxes. Thus,
approximating the solid curve in Figure 3. 2 by a single straight line
given by Pfy/Bra = 0. 35 (Bry/Bra) and using equations (3.2) and (3.3) we
obtain the following analytical formulas:
A„ = 1.71 InBry [ M -^10.35 J. (3.4)
A =18.4 in
V
L M„.. 0-35 (3.5)
where (Pfy/Bry)
^
is the observed ratio and A is the extinction at
obs Bry
Bry. The above two relations are subject to the uncertainties
discussed earlier in this subsection.
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3. 3 Radio Continuum Fluxes
Radio continuum observations have provided important clues toward
understanding the nature of the regions surrounding YSOs. The
majority of these objects, besides being characterized by strong
Brackett line fluxes, have weak or non-detectable radio emission.
When detected, the ratio of radio continuum to Brackett line flux is
much smaller than the expected value according to standard nebular
recombination theory (Simon. Simon, and Joyce 1979; Simon et al. 1983;
Evans et al. 1987). The same anomaly has also been observed in star
formation regions in the nucleus of M83 (Turner. Ho and Beck 1987).
The weak radio free-free continuum is usually attributed to
self-absorption at radio wavelengths. This result, in addition to the
strong Brackett line fluxes and non-standard line ratios, is further
evidence that the physical conditions at YSOs are drastically
different from those at typical H II regions.
Various authors have interpreted their combined infrared and
radio data in terms of emission from an optically thick core
surrounded by an optically thin, tenuous halo (Simon et al. 1981;
Krassner et al. 1982; Felli et al. 1984; Campbell et al. 1986). In
this scheme the line emission is formed in the small core, while most
of the free-free radio continuum is emitted in the diffuse halo.
Our model of hydrogen line formation also anticipates such a
core-halo structure for the line and radio continuum emission. Thus,
in order to produce the strong Brackett line fluxes, the line emitting
region must be able to absorb a fraction of the incident Balmer
continuum. This requires a large column density (~ 10^"^ cm~^, Chapter
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2) which, together with ion densities calculated to be more than 10«
cm-\ produces very optically thick radio emission. Then, in order to
generate the detected amount (especially at 6 cm) and to account for
the observed range of spectral index between 1.3 and 6 cm. there must
be radio flux coming from a more extended, optically thin region. We
first present the calculated radio continuum flux associated with the
line emitting region, compare them with available observations, and
then add on an optically thin halo.
We have computed numerically the emergent continuum emission at \
~ 1 — 2
= 6,1.3.10 and 10 cm for all the models presented in Chapter 2.
The emitted flux density (erg s"^ cm"^ Hz"') at frequency is
S = 71
V
'
-T
B (T)e ^ dT . (3.6)
Here B (T) is the Planck function at the local temperature T, and x
V
is the free-free optical depth through the slab. The expression for
is taken from Osterbrock (1974). At radio wavelengths, it is
given approximately by
T = 5. 6x10 f—
1
^10*
-1.35
5 GHz
-2.1 N ^2f dt ^
e
^-lO^ cm"^'' ^1 AU''
(3.7)
We find that the radio emission associated with the Brackett line
emitting region is always very optically thick at 6 and 1.3 cm. as N
e
8 10 — 3
~ 10 - 10 cm and the slab thickness ranges from ~ 0.01 AU for the
~ 10 L YSO to a few AU for the ~ lo'* L one.
o o
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In Figure 3.5 „e plot the radio luminosity at 6 cn (L^ =4„r^S^)
versus the Bra luminosity, L^^^, tor continuum models SI -"54. For"
each continuum model, two curves (solid and dashed) are shown,
representing results from calculations for two different values of the
nucleon density N^. Each curve marks the relation between L and
Bra
L^(6 cm) as a function of distance r from the YSO. The two nucleon
densities are chosen to show both the maximum and range of Bra
luminosities obtained in our calculations for a given continuum model.
Because the radio continuum is very optically thick L is
proportional to Tr^ and increases as r increases. The Bra
luminosity, on the other hand, reaches a peak value and thereupon
decreases with increasing r (see Chapter 2 § 2. 3 for explanation). We
have also plotted (solid line) in Figure 3.5 the standard relation
(Case B) between L^^^ and L^(6 cm) when both emissions are optically
thin. On this relation we have marked, for each continuum model, the
point indicating the L^^^ and L^(6 cm) that would come about if the
total Lyman continuum and 1% of the sub-Lyman continuum in that model
produced hydrogen ionizations in an extended halo. Each point serves
as a fiducial mark for comparison with the calculated Bra and radio
emission, and as an illustration of the amount of optically thin Bra
and radio emission that can be generated by a certain amount of
ionizing flux (whose chosen value will be explained later on).
Observed Bra fluxes, after correction for reddening using published
extinction estimates, are also marked in Figure 3.5. Each is labeled
by the source number (see Table E. 1 ) and is symbolized according to
the luminosity of the YSO.
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Figure 3.5: The 6 cm radio continuum lumlnositv L tfi n„l
against the Bra lumlnositv L Th . T " '
curves eive th °' "^^hedg. e computed results for continuum models SI - S4 Eachcurve (representing a particular denslt. N^, mar.s the relation
et„een ye cm) and
.^^^
as a function of^dlstance r from the VSOFor^mcdel SI, the solid and dashed curves refer to N =10- and lo'^
-
respectively. The marked points along each cu^ve (starting from
and^45.0xl0 cm, respectively. Similarly, for model S2, N = ,a'° and
- :i ;o'' '--3 " =•lu and 10 cm,r= 1040Rni-5n ^ ^ i? °
.
i.u, 4.0, 8.0, 12.0, and 24.0x10^^ cm For
model S4, N = in ° anH in^2 -3
Th ?
l"-"- and 23.0x10" cmsolid straight line gives the standard optically thin (Case B,
re ation. On this relation, the points marked Si - S4 Indicate the
optically thin production values when the t„t=i .
„f , , "
'"^ "-yman continuum and V/.of the sub-Lyman continuum in each model produced hydrogen
ionizations. The observed L^(6 cm) and L,^^, after correction forforeground attenuation using published extinction estimates areindicated by the numbered symbols in accordance with the listing order
01 the sources in Tables E 1 and r 9 x?^ uDi h. 1 E. 2. Each source is symbolized
according to its observed luminosity. The object GL 989 (# 21) has
not been plotted to avoid crowding in the region L (6 cm) . lo^ erg
s and Lg^^ . 10 33 erg s-\
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i-Bra (erg s"')
108
Figure 3.5 reveals several interesting results. Comparing the
calculated curves with observed data, we find that while the
calculations can generally account for L^^^ (as is already known fro.
Fig. 3.1) they fall far short in producing L^(6 cm). Increasing the
distance r of the gas clouds from the YSO will increase the 6 cm
emission. However, it will also rapidly diminish the Bra flux. It is
clear that, in order to explain both the infrared line and radio
continuum emissions in our model, two separate components of emission
are needed, namely, a high density core producing the infrared line
emission, and a more diffuse, optically thin halo producing the bulk
of the observed 6 cm flux.
Comparing the observational data with the points labelled SI - S4
on the solid line in Figure 3.5. we draw the following inferences.
For continuum model SI the Lyman continuum by itself can produce an
L^(6 cm) exceeding the observed values from YSOs of ~ lo"^ (except
for NGC 6334 IRSl in a group of 6). Thus the 6 cm fluxes from these
objects can arise from optically thin free-free emission following
absorption of a fraction of the Lyman continuum. For model S2, if
only the Lyman continuum provided ionization, the plotted point on the
solid line would be lower by a factor of 5. Then it is seen that the
Lyman continuum by itself will be hard pressed to produce the observed
L^(6 cm)'s from YSOs of ~ 10^ L^. To summarize, then, the 6 cm fluxes
from YSOs of L < 10 L^ are generally far in excess of what can be
produced by the Lyman continua of equally luminous ZAMS stars.
Hamann. Simon and Ridgway (1988) have also pointed this out. Thus,
another source of ionization is needed. One source is the sub-Lyman
continuum, which powers hydrogen ionization via ionization of N I from
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its excited states foiiowed by charge-exchange between N II and H I
Figure 3.5 shows that if of the sub-Ly.an continuum in each of
-dels S2
-
S4 is absorbed, producing optically thin radio free-free
emission, the resulting 6 cm flux fares reasonably well with
Observations. The actual fraction of a YSO' s sub-Lyman continuum that
is absorbed by the halo region depends on the gas temperature, which
determines the population in N I excited states. Without evaluating
the thermal balance of the halo gas. our choice of 1% represents
really a guess, and serves primarily as an Illustration.
Looking at the observed data in Figure 3.5 by themselves, we notice
a correlation between L^(6 cm) and L^^^. This correlation is roughly
parallel to the L^(6 cm) - L^^^ relation for optically thin emission
(solid line) and is displaced to the right, indicating more Bra
emission for the same 6 cm flux. It is also roughly parallel to our
stack of calculated curves for line and optically thick radio
continuum emission, but displaced on top, indicating more 6 cm flux is
observed. Thus, when the observed data are examined as a group, the
same conclusion is reached, namely, that they are best explained as
being the summed contribution from a dense line emitting core and an
optically thin free-free continuum emitting halo. Finally we note
that the observed data cluster according to the YSO luminosity, and a
higher L^^^ and L^(6 cm) are associated with a higher L. This may
indicate, but not prove, that the radiation output of a YSO provides
the energy source for the excitation of the hydrogen line and
free-free continuum emission.
Analogous to Figure 3.5, we plot L (1.3 cm) versus L„ in Figure
I' Bra ^
3.6. Because is proportional to v for optically thick free-free
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Figure 3.6: The 1.3 cm radio continuum luminosity, L (1.3 cm), is
plotted against the Bra luminosity, L„ . Same notations as in
dFOC
Fig. 3. 5.
Ill
emission, L (13 rml i c ^ mn i.
J,
11. J c J IS ~ 100 times stronger than L (6 cm) as
If
generated by the Brackett line emission region. This is an important
point, as it suggests that the optically thick core can also be
responsible for a large fraction of the observed 1.3 cm flux, so that
the 1.3 and 6 cm observations may be probing different regions.
Unfortunately, the present 1.3 cm data are few. and more are needed,
particularly from moderate to low luminosity YSOs. to verify this
hypothesis.
3,3,1 A Core - Halo Emission Model
As concluded earlier, the combined Bra and Radio continuum
observations suggest that the region around a YSO is likely to be
described by a dense line emitting core surrounded by a more diffuse
halo. The large column density of the core and its proximity to the
YSO are responsible for absorbing a fraction of the incident Balmer
continuum, thereby providing the ionization needed to account for the
strong infrared line fluxes. The diffuse halo, on the other hand,
limited by several factors, including the larger distance from the
YSO, and the likely lower column density and gas temperature, is much
less efficient in sustaining population in the n=2 level and generate
a Balmer continuum opacity. Its ionization is most likely provided by
processes connected with the ground state of hydrogen. As mentioned
earlier, two such processes are Lyman continuum ionization and
charge-exchange between H I and N II, with N II being produced by
sub-Lyman continuum ionization of N I from its excited states.
112
We now combine the core anH ^^ii:ne d halo emissions in a quantitative
form. The total luminosity emitted in Rr-Bra can be written as:
W = ^aL;,, - (1 -fj L^^^. (3 3 3
Here L^^^ is the Bra luminosity generated by the core if it compietely
covers the YSO. This is what has been calculated all along if the
core is approximated by a spherical shell of thickness t located at a
distance r from the YSO. Its value depends on r. and £ (. r/3).
and can be directly read off the curves of calculatid results shown in
Figure 3.5. If we assume that the column density of the core absorbs
all of the incident Lyman and sub-Lyman continua. there is available
radiation to produce ionization in the halo only if the core does not
completely surround the YSO. ' Denoting the area covering factor of
the core region by f^. which takes on the values between 0. when the
core region is absent, and 1, when the core envelopes the YSO. the
contribution from the core region to the Bra luminosity is then
^a ^Bra- analogous way L^^^ represents the Bra luminosity
generated by the halo (assumed to envelope the YSO) if the core region
is absent. Taking into account the shielding by the core, the
contribution from the halo to the Bra luminosity is then (1-f )
a Bra'
We assume that both the Brackett line and radio free-free
continuum emissions in the halo are optically thin. Then
This is a stringent limit to the available ionizing flux for the
halo, since not all the L^Bra) ' s calculated in the models involve
a complete absorption of the photons (between 12.16 and 13.6 eV)
that are most responsible for ionizing N I.
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Va - r,„. g N^, |. (3.9)
B
where a^^^(5^4) is the effective coefficient of recombination leading
to Bra emission and equals 1.5x10"'' cm^ s"' at lo\ a = 2 6xl0"'^
3 -1 ^ '
'
cm s
,
and N^^ and N^^ are the number of photons emitted per second
by the YSO in the Lyman and sub-Lyman continuum, respectively (see
Table 2.1 of Chapter 2 for numerical values in the different models).
The factor g is a -parameter denoting the fraction of N that is
sL
absorbed by the excited states of N I. As mentioned earlier, we have
used g = 1% to illustrate. Because we define the sub-Lyman continuum
to span the photon energy range 1 1 eV s hi^ s 13. 6 eV, while the
photons that ionize the first excited state of N I have energies
between 12.16 and 13.6 eV, the number of photons per second actually
available for ionization is smaller than N . For example, it is
s L
0.47N^^ and 0.21N^^ for models SI and S4, respectively. In using
equation (3.9) and g = 1% for each model, we have thus assumed a
larger fraction of the continuum between 12.16 and 13.6 eV that is
being absorbed.
Similarly, for the radio free-free continuum the total luminosity
at frequency v is
L = f L*" + (1 - f ) L** (3.10)
u a V a V
'
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The core is very optically thick at radio wavelengths. so
= 1.5x10^'
^ A M JllO^^ cm J erg s"^ (3. 11)
where A is the wavelength, and is the gas temperature in the
For the optically thin halo component, we find
core.
= 6.7xl(
-0. 5 Ly sL
10 s
erg s"
. (3. 12)
Here is the gas temperature in the diffuse halo, and we have used
the fact that at radio wavelengths the Gaunt factor varies as v
The main effect in adding a halo component is that the 6 cm radio
continuum is raised considerably. The line emission has negligible
contribution from the halo component and is actually decreased owing
to the core's lower covering factor. However, the decrease in L is
Bra
not large as a value of f -0.5 is enough to increase the 6 cm flux
to observed levels.
As a concrete example, we assume L^^^ to be given by the maximum
value calculated in each of models SI - S4, L^(6 cm) to be the
corresponding 6 cm luminosity, g = 1%. and plot in Figure 3.7
L (6 cm) versus L^^ as f decreases from 1 to 0. This figure.V era a ^ '
incidentally, is not unlike the plot of L versus N^V (Fig. 3.1), as
the curves here mark the ceilings in L„ and L (6 cm) (for a given e)Bra V e. &
'
reached in each of models SI - S4. Comparing the curves with
observational data, we find that the two-component model can indeed
account for the bulk of the observations. Thus the data points of
3 4
YSOs with luminosities between 10 and 10 L (marked x in Fig. 3. 7)
o
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I029 10^0 I032 ,o34
Figiire 3.7: The 6 cm radio continuum luminosity, L^(6 cm), is plotted
against the Bra luminosity, L^^^, in a core-halo emission model. Each
dashed curve shows the relation between L (6 cm) and L as aV Bra
function of f the area covering factor of the core. The markedd
points on a given curve (starting from the lowest) indicate results
for f^ equaling 1.0, 0.9, 0.5, 0.1 and 0.0, respectively.
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generally fall between the calculated curves for .odels S2 and SI. and
the data points of the two YSOs with luminosities between 10^ and
10^ fall between the calculated curves for models S3 and S2.
Because the choice of e has been arK^f,-,g n arbitrary we cannot stress the good
agreement between calculated and observed values of L^(6 cm).
Nevertheless, the conclusion can be drawn that it does^not take a
strong ionizing flux to generate the observed 6 cm fluxes from the
halo. For low luminosity YSOs (L < 20 L^). however, the calculated
L^(6 cm). Just like L^^^. are considerably weaker than observed.
While we have utilized the YSO continuum to ionize the halo,
another source of ionization can come from shocked regions. Thus, if
the broad Brackett lines signified an outflow, the mechanical
luminosity in a wind of mass loss rate M and terminal velocity v
would be L^= 0.3(M/10-\ yr-^)(v^/200 km s'^f L^. On the other
^
hand, the ionizing luminosity. L.
.
needed to generate a 6 cm
luminosity of 10^^ erg s"^ is L. = 0.007 [L^(6 cm)/10^^ erg s"'] L
.
where the value of L^(6 cm) highlighted is chosen because that is
roughly the level of emission from low luminosity YSOs (L < 20 L )
o
Thus a large fraction of the 6 cm emission from these objects could
originate from collisional ionization in shocks.
3.3.2 Spectral Index
An interesting consequence of the two component emission model is
that the radio spectral index is related to the relative emission from
the two components. Thus the radio continuum emitted by the halo has
a spectral index y = -0.1. while that emitted by the core has y = 2.0.
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The su^ed emission fro. both regions „1U have a spectral index lying
between
-0.1 and 2.0. Conversely, fro. the observed radio fluxes and
the associated spectral Index the ratio of the radio contlnuu™ fro.
the halo to that fro™ the core can be deternined at each frequency.
Specifically, if is the observed spectral index between v and .
1 2'
and we denote the radio fluxes (ere s"^ H^'h =,f fr-l g z J at frequency i^^ emitted
by the halo and core by (= (1-fJL^ /v) and (= f )
1
a 1 a i'^ 1 •
respectively, then
1 - (A /A )^'^ >
1 2
12 ^
(3.13)
. ^
^-2.1
^ 2^
(3. 14)
For example, a spectral index y = l between 1.3 and 6 cm will imply
that /Sl = 0.18 and /S^ = 4.5. with and representing the11 2 2 12
frequencies of 1.3 and 6 cm radio waves respectively. In Figure 3.8 we
plot /S^ and /S^ as a function of y. We note that from the11 2 2
observational data listed in Table E.2. 8 out of 11 objects with y
measured have it in the range 0.4 to 1.2. Using Figure 3.8 to relate
this observed range in y to the ratio of halo to core emission, we
find strong support for the notion that the observed 6 cm continuum is
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Figure 3.8: The ratio of free-free continuum flux from a diffuse halo
to that from an optically thick core, /S^, as a function of the
spectral index, 3'.
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lively to emanate fro. an extended optically thin .edlu™, while
.ost
of the 1.3 « continuum is probably emitted by an optically thick
core.
Using equations 3.10.3.11. and 3.12. the ratio /s^ can be
related to the parameters f^. = N^^ . g n^^. and r:
1 - f 2. 1
1
r" T T°-^
c d
(3. 15)
Then from the equality (i. /v )^ = (s*^ + 5*= l/fq"^ + q= i
\ 2. ' ^^v ^^^^v ^* spectral
1 1 22
index y between 6 and 1.3 cm can be related to and N^/r^ In our
models N/r^ is usually in the range 10^^ - 10^« cm"^ s''. In Figure
3.9 we plot y as a function of f^ for N^/r"= 6xlo'^ 2x10^" and 10^"
cm ^ s"'. We have assumed that the core and halo temperatures are
both equal to 10' K. For lower temperatures the curves are moved
downward. For instance, if T^=T^= Sxio' K. the middle curve is
displaced close to the bottom curve.
If the contribution from the core to the observed radio flux at
frequency v (i.e. S^) is determined from and y. equation (3.11) can
be used to estimate the radius r of the core region. We obtain
r = 1.22
10 erg s Hz
1/2
r A \
6 cm
{ 1 1
1/2
C
10* K
AU. (3.16)
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Figure 3.9: Dependence of y on f in the two-component emission model.
cL
The solid, dashed and dotted curves refer to calculations for N|/r^=
6x10
,
2x10^^ and 10^^ cm~^ s~^ respectively. In each case, T =T =
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3.4 Discussion
In this section we discuss the validity of our model and
summarize the main results of this paper. Comparing our numerical
results with available observations we find strong support for the
hydrogen excitation model presented in Chapter 2. Although it is
difficult to establish tight constraints from the observational data,
one way to test the model is to compare theoretical predictions of
line fluxes and line ratios with observed values. We find that the
following physical environment is required in order to reproduce
observed Brackett line and radio continuum fluxes, and to account for
the non-standard Pfr/Bra and Err/Bra ratios. Around the YSO is a
physically compact region (ranging from r < 30 AU for a lo'* L YSO to
o
r < 0.2 AU for a 10 one) of high nucleon density (~ 10^°- 10^^
~* 3
cm ) and large column density (~ 10^^ cm"^), which in turn is
surrounded by a more diffuse and extended halo.
The core region is responsible for generating the strong Brackett
line fluxes and most of the short wavelength (A < 2 cm) free-free
continuum. This is achieved by absorbing the incident Balmer
continuum, which process requires a means of populating the H I n=2
level. In our model this is attained through N I excited state
photoionization, followed by charge-exchange between N II and H I, and
by Ly/3 line wing absorption. Both mechanisms make use of the incident
continuum between 11 and 13.6 eV. The halo component, on the other
hand, having lower N^, T, and N, is not able to populate the n=2 level
and absorb the Balmer continuum escaping from the core. The
ionization there is produced via N I excited state photoionization and
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Lyman continuum photoionization by the YSO continuum whose emission
surface, we assume, is covered only partly by the compact core.
Additional ionization can also originate from shocked regions upon
impact of the high velocity gas on ambient matter. The halo is
optically thin in the free-free continuum and is responsible for most
of the 6 cm flux. This core-halo emission model also provides an
explanation for the observed range in spectral index at radio
wavelengths.
A particular way to compare theoretical fluxes with observed
values is by determining, as a function of L, the respective ranges in
N^V's obtained from observed and theoretically calculated fluxes.
Such a plot, using Bra fluxes, was presented in Figure 3.1. Looking at
this figure, it is clear that our model is able to account for the
majority of the observed N^Vs. In particular, if one looks at the
objects showing the maximum N^V for a given L, they fall along the
calculated curve of maximum Bra emission. For L > 10^ L
, the
ionization is easily accounted for by Lyman continuum photoionization.
As one moves to lower luminosity sources, the Lyman continuum becomes
increasingly less important and the ionization is then caused by
Balmer continuum photoionization. The fraction of this continuum that
can ultimately be absorbed is dictated by the strength of the
sub-Lyman continuum, which controls the population in the n=2 level.
This two-step absorption process can account for the N^V s generated
e
by objects in the range 10^ > L/L^ > 20 L^.
For still lower luminosity objects (L < 20 L^). the sub-Lyman
continuum strength we assume is not sufficient to enable absorption of
the necessary amount of Balmer continuum to produce many of the
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Brackett line fluxes. We also note that our theoretical Ha
luminosities are also weaker than observed. In continuum model S4
(L
~ 10 L^) the computed Ha luminosities are in the range 4x10^° -
5x10^^ erg s'', while observed Ha luminosities from T Tauri stars of
similar luminosity are in the range of ~ 10^^ to 10^^ erg s"^ (Kuhi
1974). The calculated Ha/H/3 ratios (~ 3 to 10) do agree fairly well
with observed ones. Thus, unless we have underestimated the sub-Lyman
continuum strength, additional sources of energy are needed for these
objects. One possible source of energy is provided by Alfven waves
traveling from the convective zone in the stellar interior, and
depositing their energy into the outer chromosphere (DeCampli 1981;
Hartmann. Edwards and Avrett 1982; Natta, Giovanardi and Palla 1988).
Alternatively, infalling material in the form of an accretion disk has
also been suggested to produce a high temperature region which emits
strongly in the uv continuum (Bertout 1987; Kenyon and Hartmann 1987).
An additional test of our model is provided by the Pfy/Bra and
Br^r/Bra line ratios. Their unreddened values are. in general, well
reproduced by our excitation model, and their departure from the
standard optically thin values is understood, primarily, in terms of
optical depth effects. Another interesting result we find is a
correlation between the intrinsic values of Pfy/Bra and Brj-ZBra, which
indicates a near constancy in the ratio Pf^-ZBry 0.35). With this
theoretical result a method can be constructed to estimate the amount
of foreground extinction from observed ratios. The A s thus
V
determined agree fairly well with those estimated by other methods.
However, only a limited number of sources have well established values
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Of and it would be necessary to measure Pf,/Br. for a larger number
of sources in order to validate the theoretical relation.
In Chapter 4 we shall study how these and other line ratios
depend on the physical properties of the emitting region. This
analysis will also provide new diagnostics for understanding the
excitation of H I in high density environments.
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CHAPTER 4
LINE RATIOS AND PHYSICAL CONDITIONS
4. 1 Introduction
A clue to understanding star formation is identifying young
stellar objects (YSOs) and probing their physical properties. The
fluxes of the hydrogen lines observed at a YSO contain valuable
information on the excitation conditions of the emitting gas close to
the YSO. Because these objects are generally found in regions of
moderate to large dust obscuration, the hydrogen lines most readily
detected are those in the near-infrared. They are Bra (4.05 jim), Bry
(2.17 ^m), and Pfy (3.74 /am). High members of the Paschen series
(P7-P18) have also been observed in a number of sources (McGregor,
Persson, and Cohen 1984). The less obscured T-Tauri stars display, in
addition, strong Balmer lines.
Two general results follow from these hydrogen line observations.
First, the Brackett line fluxes are unexpectedly strong (Thompson
1984, 1987). Secondly, line ratios {e.g., Bry/Bra, Pfy/Bra, P12/P7)
are usually larger than the values obtained in the standard nebular
recombination theory, and cannot be explained as due to dust
extinction, which would make the discrepancy even larger. Aside from
the ideal case of optically thin recombination theory (Pengelly 1964;
Brocklehurst 1971; Giles 1977), there has been little theoretical work
on the excitation of the Brackett and higher series lines of hydrogen
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under high density environments. Such an understanding could provide
new insights into the physical conditions in the vicinity of a YSO.
In Chapter 2 we proposed a model for the hydrogen excitation and
presented the numerical techniques. There we aimed at understanding
the source of energy for the hydrogen excitation. We identified two
processes that populate the n=2 level of hydrogen after the Lyman
continuum is depleted. They are: ionization of N I from its excited
states (at ~ 2.4 and ~ 3.2 eV above the ground state), followed by
charge-exchange between N II and H I. and Ly/3 line wing absorption.
Both processes make use of the incident continuum in the 11-13.6 eV
range (which we refer to as the sub-Lyman continuum). With population
in the n=2 level thus maintained, the infrared lines are then produced
by Balmer continuum photoionization (Simon et al. 1983). We also
studied the dependences of the Bra and Bry emission on L (the YSO
luminosity), r (the distance of the gas cloud from the YSO), and N
o
(the nucleon density of the cloud). In Chapter 3 we tested our model
by comparing theoretical results with available infrared line and
radio continuum observations. We also presented a new method to
estimate the amount of foreground extinction towards YSOs based on a
theoretical relation between Pfy and Bry.
In this paper we supply some of the interesting details, such as
the ionization and thermal structures of the emission region, that had
not been included in Chapters 2 and 3. They are presented in § 4.2.
In the hope of finding diagnostics of the physical conditions, we
examine in a greater detail how the different line ratios {e.g..
Bry/Bra, Pfy/Bry, P12/P7) depend on the physical parameters N
.
r, N
o
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(the cloud column density), and the YSO luminosity. We consider
results for four continuum models, labeled S1-S4, having luminosities
of
~ 10
. 10
. 10
.
and 10 L^. respectively (see Chapter 2 for details
of the continuum energy distributions). These results are discussed
in § 4.3. A summary is given in § 4.4.
4.2 Ionization and Thermal Structures
To illustrate the ionization and thermal structures of the
emitting region, we show in Figure 4.1 the results for model S2. The
top, and middle panels display the temperature and electron fraction,
respectively, as a function of the column density N into the cloud.
To indicate the region where the bulk of the hydrogen line fluxes is
produced, the bottom panel shows how the Bry flux, normalized to the
total value emergent from the cloud, rises as N increases. In each
panel the solid, dashed, and dotted curves refer to calculations for
10 11 12 —3
= 10 ,10 , and 10 cm , respectively.
Inspection of Figure 4. 1 reveals two important points. First,
the electron fraction y (= N^/N) is low and fairly constant over the
region where the bulk of the hydrogen lines is produced. Secondly,
the gas temperature T is nearly constant in this region and has a
value of 5000 - 7000 K, and is quite insensitive to N .
131
Figure 4.1: Plot of temperature (top panel), electron fraction
(middle panel), and fraction of integrated Bry flux (bottom panel) as
a function of the clouds column density N. Results are for continuum
1
3
model S2 and a cloud located at r= 1.5x10 cm. The solid, dashed, and
dotted curves represent calculations for N^= 10*°, 10**, and 10*^ cm
respectively.
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4.2.1 Electron Fraction
We first discuss the main events leading to hydrogen ionization
by the YSO continuum. At small column densities [N < 10^^ cm"^). the
process of Lyman continuum photoionization produces relatively high
values of y (< 1) and T (< 10^ K) in models SI and S2. but has an
insignificant effect in models S3 and S4. Even in models SI and S2 it
is clear that this process does not generate a significant fraction of
the emitted hydrogen line fluxes in YSOs of L < lo' L (Thompson 1984-
Chapter 2; bottom panel of Fig. 4.1)
In the region where the bulk of the infrared lines is produced,
excitation of hydrogen from the ground state into the n=2 state is
primarily by charge-exchange with N II, while coUisional
de-excitation is primarily responsible for depopulation of the n=2
level. For statistical balance between the populations of levels n=l
and 2 then,
R
2 e 21 NI , • 14. 1 J
gj (1 + R /N C , ;
J sL e uJ
Here we have neglected the recombination of N 1 1 with electrons, so
that the rate of H I - N II charge exchange is equal to the rate of
ionizing N I from the excited states. We have included only
ionization from the 2p^ excited state of N I which is at ~ 2.4 eV
above the ground state, so that AE = 2. 4 eV. The symbol g is the
u
degeneracy of the 2p^ level, and is the degeneracy of the
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ground state. The population of N I in the excited states is small,
given T
~ 5000 - 7000 K. and it has been neglected in determining the
N I partition function. The ionization rate of 2p' V due to
absorption of the sub-Lyman continuum between 12.16 eV and 13.6 eV is
denoted by R^^. u is given approximately by
N
Kl"" ~2 ^ 0-255 I— I . (4.2)4nr
'.io'k
where c is the ionization cross-section and N is the number of
sL
photons emitted per second in the sub-Lyman continuum by the YSO. The
factor 0.255(T./10\)°-^^ gives the fraction of such photons having
energies between 12.16 and 13.6 eV. since not all of the sub-Lyman
continuum (11 to 13.6 eV) is employed in ionizing the 2p^ V state.
The collisional de-excitation rate of the 2p^ V level is denoted by
N C
e ul
Balmer photoionization of hydrogen from the n=2 level is the main
source of electrons. Hence,
N = n R
, (4.3)
e B 2 B V*.
where R is the Balmer photoionization rate and equals N cr c /(47rr^).
B B B B
with N being the number of photons emitted per second in the Balmer
continuum by the YSO, cr being the threshold ionization cross-section,
B
and c « 0.5 (T^/lo" K)~°"'*^ being the factor that accounts for the
B
frequency dependence of the ionization cross-section. A simple
expression for the dependence of y on the different parameters can
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then be obtained from eqs. (4.1) and (4.3) if the approximations of
\/^e^ul < 1' T being constant at 6000 K. and n /N being constant at
-4
10 are made. It is y « (R R n ~^)^''^ r>r
B sL O '
0. 18
2 1
10 cm
1/3
(4.4)
Figure 4.2 shows how the values of y attained at >V = 10^^ cm"^ in
the different calculations for continuum model SI (open circles), S2
(filled circles). S3 (triangles), and S4 (squares), correlate with
'^B^sL^
^*^-^°
^
^o^-
"^^^ computed values of y are mostly in the
range 2x10 to 2x10 for all four continuum models. This result
indicates that the ionized component in the YSO vicinity accounts for
only a small fraction of the total mass. In addition, the observed
dispersion about the theoretical relation suggests that the
approximate dependence of y on the model parameters as expressed in
equation (4.4) is accurate to within a factor of < 2.
4.2.2 Temperature
Figure 4. 1 shows that over the region where the bulk of the Bry
flux is produced the gas temperature remains nearly constant with
increasing N and does not change much when is varied. These
results hold for other model calculations as well, and we conclude
that the temperature of the emitting gas is generally between 5000 and
7000 K.
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Figure 4.2: Dependence of N /N on N N (T-/10*K)°*^ r"* N ^. The
e B sL " o
open circles, filled circles, triangles, and squares refer to
calculations with continuum models SI, S2, S3, and S4, respectively.
The value of N /N plotted is that attained at a column density of 10
-2
cm .
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We first examine the heating and cooling agents. After the Ly.an
continuum is depleted the heat input to the gas is derived from both
the Balmer continuum and the sub-Lyman continuum. Even though the
latter continuum is weaker, it Is an important heat source. This is
because the heat produced from absorbing a sub-Lyman continuum photon
is almost equal to the energy of the photon. This Is true whether the
absorption occurs via ionization of N I excited states that is
followed by N II - H I charge-exchange or via Ly3 line wing
absorption, since both routes lead to population of the n=2 level of
hydrogen. CoUlsional de-excitation of this level, which is the
dominant de-excitation process, produces 10.2 eV of heat. Also,
whereas a substantial fraction of the sub-Lyman continuum is usually
absorbed In order to produce strong infrared line fluxes, the fraction
of the Balmer continuum that is absorbed depends on the strength of
the sub-Lyman continuum, and is quite small in models S3 and S4 (see
Chapter 2).
Because both sub-Lyman and Balmer continuum absorptions proceed
slowly, a large column density is needed to deplete the photons, and
until then the rate of heating is fairly constant within the cloud.
The dominant cooling agents are radiative recombination, free-free
emission, Fe II UV multlplets. and Mg II A2798. The first two
processes are not affected by optical depth effects until column
densities much larger than what are being considered are reached.
Some of the Fe II transitions do become sufficiently optically thick
that they become less effective coolants, but there are many other
transitions within the multlplets. Mg II cooling does depend strongly
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on N, but its contribution is relatively minor. Overall then, the
cooling rate, like the heating rate, is insensitive to N, and this
condition accounts for the fairly uniform T in the infrared line
emission region. Similarly, by considering the ionization process,
the near constancy of y in the same region is also apparent.
That T is between 5000 and 7000 K is because of several reasons.
First, collisional excitation of the Fe II UV multiplets. requiring an
energy of ~ 5 eV for each excitation, rises rapidly as T rises.
Secondly, heating via Balmer continuum photoionlzation will not be
able to balance against cooling due to radiative recombination and
free-free emission if T ~ T,. For these two reasons there is a limit
to how high T can be (which turns out to be ~ 7000 K) before cooling
of the gas overwhelms the heating. That T is not much lower is
because while the cooling drops rapidly as T decreases, and so is the
heating via Balmer continuum photoionlzation and N I excited state
ionization, heating from Ly^ line wing absorption followed by
collisional de-excitation of level n=2 remains unaffected. Also, we
have focused our attention to the parameter space over which a strong
Brackett line flux can be produced.
4.3 Line Ratios and Physical Conditions
In this section we consider how the hydrogen line ratios may
provide information on the physical properties of the emitting gas.
Given the large number of hydrogen transitions included in the
calculations, and the amount of parameter space (L, r,N
.
and N)
explored, it is impractical and inefficient to list all the results
for every calculated model. Instead, we consider a small number of
line ratios whose variations with the model parameters provide more
direct information on the cloud physical structure, and which are more
likely to be available from observations.
4.3.1 Dependence of Bry/Bra on N and N
o
Since Bra and Bry are the two infrared lines most often observed,
we start by considering the variation of Bry/Bra with N. Figure 4.3
shows results for continuum models S2 (top panel) and S4 (bottom
panel). The different curves represent calculations in which N =
o
10 (solid curves). 10^^ (dashed curves), and 10^^ cm~^ (dotted
curves). The following inferences can be drawn from these results.
First, large column densities (> 10^° cm~^) are needed in order to
produce substantial departures from the standard optically thin value
of ^ 0.43. Secondly, the rise of Bry/Bra from a minimum value of ~
0.3 to a peak value of > 1 is fairly rapid, occuring with an increase
in A' by a factor of only ~ 5. We discuss these results in greater
detail below.
Bry/Bra remains close to the standard value of 0.43 until Hy
becomes optically thick. This event increases the probability for Bra
emission by ~ 1.5 when the n=5 level decays. When H5 subsequently
becomes optically thick. Bra emission is also aided Indirectly, as
this condition allows more population into the n=5 level. Thus a
larger emission rate for Bra, at the expense of Hy and H5 emissions.
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Figure 4.3: Dependence of Bry/Bra on N and N^. The top panel gives
results for model S2, while those in the bottom panel are for model
S4. The solid, dashed, and dotted curves refer to calculations for
N = 10^°, 10^\ and 10^^ cm~^ respectively. In model S2 r= 1.5x10^^
o
12
cm and in model S4 r= 8x10 cm.
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accounts for the drop of Bry/Bra from ~ 0.43 to ~ 0.3. With
increasing N, the Bra transition becomes optically thick itself and
its emission is curtailed, while the Brr transition remains optically
thin. The result is a rapid increase in Bry/Bra from a minimum of ~
0.3 to a maximum of > 1. This rapid rise slows down when Bry. too.
becomes optically thick.
To demonstrate that the rise of Bry/Bra is due to the
inefficiency of Bra emission once Bra becomes optically thick, we show
in Figure 4.4 plots of Bry/Bra as a function of the Bra opacity.
T (Bra). For each of the continuum models S2. S3, and S4. results for
=
10^^ cm ^ and several different locations of the gas clouds are
displayed. It is seen clearly that Bry/Bra begins to rise when
T (Bra) is between 10 and 50. We note that x (Bry)/T (Bra) « 0.034.
so that Brr becomes optically thick itself when x (Bra) ^ 50.
An approximate expression for the dependence of x (Bra) on the
model parameters can be derived analytically as follows. When all
hydrogen the transitions are optically thin (except the Lyman ones).
the number density of atoms in a given level is « N^^. In this regime
T (Bra) increases linearly with N. Once Ha trapping becomes
important, we find that
a
n « ^
, (4.5)
A p
^
32 32
where a is the effective recombination coefficient to the n=3 level.
3
A is the spontaneous emission rate for Ha. and B is the
32 ^ 32
corresponding escape probability. For simplicity, we shall assume
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-3-2-10 1 2
log T (Bra)
Figure 4.4: Dependence of Bry/Bra on t in models S2, S3, and S4.Bra
The solid, dashed, and dotted curves refer to calculations for r =
13
1.5, 6, and 12x10 cm, respectively, in model S2, for r = 1, 4, and
8x10^^ cm, respectively, in model S3, and for r= 5, 8, and 16x10^^ cm,
respectively, in model S4. Displayed results are for N = 10^^ cm~^.
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that^Ha scattering occurs within the Doppler core, so that ~
"^Ha^"- Neglecting the population in the n=4 level, and using
equation (4.3) to relate to n^. we obtain an expression for the Pa
opacity given by:
2x1 3 pg r
32 B Ha
« R T
B Ha
Where B^^ and B^^ are the Pa and Ha stimulated absorption
coefficients, respectively. Similarly, when Pa becomes optically
thick, an analogous expression for t can be derived, which is
D 2 3
Bra B Ha ' '
Now. expressing t in terms of the model parameters, we find
T « n d£Ha [ l
oc r R d£ oc R N ^ N (4.8)J2 jBe Beo v".-
Thus, once Pa becomes optically thick x , rises as
. ThisBra
indicates the rapid build up of population into the successive excited
levels as a result of photon trapping. By further expressing (via
eq. 4.4) and R in terms of the model parameters (N.N
.
r. etc.).
° B sL
we finally obtain.
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U-on-J L'V'i ii^J iT^J It^J I ,-.2 2 -210 cm
(4.9)
Figure 4.5 compares the actual values of t obtained in theBrCC
numerical calculations with those predicted by equation (4.9) for
continuum models S2 (filled circles). S3 (triangles), and S4
(squares). We have not included the results for continuum model SI.
This is because in this model the process of Lyman continuum
photoionization contributes significantly to the hydrogen excitation,
and therefore to the build up of r^^^. and this effect has not been
included in the above derivation. Figure 4.5 shows that within a factor
of 3. the expression given by eq. (4.9) produces x over the raneeBra °
1 - 100.
4.3.2 Dependence of Bry/Bra on r and N
o
We now consider the variation of Bry/Bra with r and N Figure
o
4.6 shows the results for models S1-S4. Here, the plotted results
refer to the terminal value of Bry/Bra, which occurs at £ < r/3, or
when the sub-Lyman continuum is completely absorbed. Inspection of
this figure reveals several points. First, the higher values of
Bry/Bra generally occur at small r and large N^. Second, at large r,
Brr/Bra approaches the standard value. And third, as the YSO
luminosity is lowered, r must be decreased in order to obtain large (>
0.43) values of Bry/Bra. We discuss these results below.
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-1 0 12
log T^(Bra)
Figure 4.5: Comparison between the actual Bra line optical depth,
T (Bra) with with eq. [4.9]. The filled circles give results for
continuum model S2 and r = 1.5x10^"' cm, the triangles for continuum
12
model S3 and r = 4x10 cm, and the squares for continuum model S4 and
r = 8x10^^ cm. Displayed results are for N = 10^^ cm~^. The solid
o
line is a 45 line.
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Figure 4.6: Dependence of Bry/Bra on r and N in models S1-S4. The
o
points marked by filled circles indicate results from actual
calculations, while the curves drawn through them were obtained by
numerical interpolation. Other notation as in Fig. 4.3.
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At small r. both Broc and Brr are generally quite optically thick.
In this situation, a higher gives rise to a larger Br./Bra. This
is because of the greater probability for Br^ emission that occurs
when is raised. This argument has already been presented in the
previous sub-section, although, for a larger value of r. As both
lines become less optically thick, the line ratio is influenced less
by details in the escape probability of Bra and Bry. but more by the
ability of populating the higher levels, owing to a weaker sub-Lyman
continuum flux. This is clear from the strong dependence of x on r
Bra
ic.f. eq. [4.9]).
At a fixed N^. a Brackett line optical depth is roughly
proportional to >V^r"^ Then, in order to bring forth a particular
line opacity, a cloud located at a larger distance from the YSO
requires an increase in N on the order of r^. However, a larger
column density implies depletion of a larger fraction of the available
sub-Lyman continuum by C I. Until an increase in r cannot overcome
the fact that the sub-Lyamn continuum will be depleted at a column
density smaller than the one needed to produce ax of ~ 1 We
Bra
estimate that beyond a distance
r ~ 2x10^''
,^
-1/4 1/2
o
V10^°cm-'
I
sL
cm, (4.10)
Bra should be optically thin.
We have seen from Figure 6 that Bry/Bra provides information on
the relative location of the emitting clouds. Inspection of the
148
results for models S3 and S4 reveal that Bry/Bra also provides a
constraint on N^. Namely, in these models the = 10^° cm"^ clouds
are hard-pressed in reproducing the observed Bry/Bra values, which are
generaly larger than the standard value of 0.43. The reason behind
this result also explains why when the YSO luminosity is decreased,
the overall cloud distribution must be brought closer to the YSO. As
the emitted sub-Lyman continuum flux becomes weaker, the only way one
can populate the n=2 level is by increasing the incident continuum
flux by bringing the clouds closer to the YSO. Then, in order to
absorb the sub-Lyman continuum within a physical size ^ r/3. they must
also be more dense.
4.3.3 Dependence of Bry/Pl and Pf^/Bry on N and N
o
We now turn our attention to the dependence of Bry/P7 and Pfp/Bry
on N and N^. These two line ratios are selected because Bry, P7. and
Pf/3 all share the same upper state. In Figure 4.7 the results for
continuum model S2 are displayed. We notice that the variation of
Pfp/Bry with // is nearly independent of N .
o
20 —2
At small N i<^10 cm ), P7, Bry, and Pfp are all optically
thin. In this region Bry/P7 and Pf/3/Bry have values of 0.42 and 0.50,
respectively. As P7 becomes optically thick, which is usually before
Bry and then Pf/3 become optically thick, Bry/P7 increases from 0.42 to
« 0.5, and Pfp/Bry remains nearly constant. But soon afterwards the
optical depths in Bry and then Pf/3 increase very rapidly (see section
4.3.2 on how the population in level n increaes with N), and more so
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Figure 4.7: Dependence of Bry/P? and PfS/Br^r on N and N . The continuum
o
13
model is S2 and r= 1.5x10 cm. The solid, dashed, and dotted curves
10 11 12 —3
refer to calculations for N = 10 ,10 , and 10 cm respectively.
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for Pfp. This causes Bry/PT and Pf^/Bry to fall. When P7. Bry, and
PfP are all very optically thick, the Brr optical depth is a factor of
- 2 larger than that of P7. while the Pf3 optical depth is ^ 3 times
larger than that of Bry.
The terminal value of Bry/P7 depends on and r. and is
typically between « 0.30 and « 0.45. On the other hand, as seen from
Figure 4.7. Pf/J/Bry attains a terminal value of « 0.30. which is
nearly independent of N^. Because Pf^/Bry decreases very rapidly from
the standard value of - 0.50 to the optically thick value of « 0.30,
it is highly probable that Pf/3/Bry will lie close to one of these two
limiting values. It follows that an observed Pfp/Bry of « 0.50 would
22 ""2indicate that < 10 cm
,
while an observed value of « 0.30 would
22 2indicate that > 10 cm
. However, the above column density,
depends on both r and the YSO luminosity.
4.3.4 Dependence of Pfy/Bry on jV and N
o
In Chapter 3 it was shown that Pfy and Bry displayed a strong
correlation that is nearly independent of the physical conditions in
the emitting region. It was mentioned that their tight relation was
due to the small variation of Pfy/Bry with optical depth. This ratio
always lies between 0.30 and 0.40 even though the line optical depths
increase from almost zero to several hundreds. Taking advantage of
this small variation in Pfy/Bry, we showed that Pfy/Bry was useful as
a reddening indicator. For completeness, an example of the typical
dependence of Pfy/Bry on N and is shown in Figure 4.8. The
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.6
Figure 4.8: Dependence of Pfr/Bry on N and N^. Same notations as In
Fig. 4.7.
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continuum model S2 is used and the cloud is at r= l.Sxlo" cm. This
figure can be compared directly with the corresponding plots for
Brr/P? and Pfp/Bry (Fig. 4.7).
As one advances into the cloud Pfy/Bry remains close to the
standard value (=. 0.36) until He and H8 become optically thick. The
more favorable escape for Dry then causes Pfy/Bry to decrease, but
only slightly. Then when Brr becomes optically thick, which is
followed very closely by Pf,r. the smaller optical depth in Pfy and a
larger Stark broadening for Pfy cause Pfy/Bry to increase from about
0.30 to <0.40. With further increase in column density Pfy/Bry either
remains constant or decreases very slightly. We note that the small
variation of Pfy/Bry at large N is also a result of nearly constant
excitation temperatures between successive levels of hydrogen. For
example, in the N^= 10^^ cm~^ case. Pfy becomes optically thick N ^
22 —2
10 cm and attains a terminal x of =i 70 at ^ 10^* cm~^. Inpry
this interval the excitation temperature between levels 7 and 8 varies
from only 1300 to 1400 K. Thus the fact that both lines become
optically thick at nearly the same column density, coupled with the
small variation in the level excitation temperature once both lines
become optically thick, produces a near constant value of Pfy/Bry.
4.3.5 Dependence of P8/P7, P10/P7, and P12/P7 on r and N
o
Figures 4.9 and 4.10 display the terminal values of P8/P7,
P10/P7. and P12/P7 as a function of r and N in models S2 and S4,
o
respectively. The solid, dashed, and dotted curves refer to
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Figure 4.9: Dependence of P8/P7, P10/P7, and P12/P7 on r and N in
o
model S2. The solid, dashed, and dotted curves refer to calculations
for N^= 10^°, 10^\ and 10^^ cm ^ respectively. The top, middle and
bottom set of curves are for P8/P7, P10/P7, and P12/P7 respectively.
The actual calculations are represented by filled circles, while the
curves drawn through them are result of numerical interpolation.
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Figure 4.10: Dependence of P8/P7, P10/P7. and P12/P7 on r and N In
o
model S4. Same notations as in Fig. 4.9.
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calculations in which N^= 10^°
,
io'\ and lo'^ cm-' respectively.
Comparing Figures 4.9 and 4.10 with the corresponding plots for
Bry/Bra (c.f. Fig. 4.4) we notice the same general features. The
highest values of P8/P7. P10/P7. and P12/P7 are obtained at small r.
At large r, the three ratios approach their standard values of
0.66, 0.34, and 0.20 respectively.
The reason behind these results is already known from sections
4.3.1 and 4.3.2 above. We refer the reader to the corresponding
discussion, keeping in mind the following major difference. Because
PIO and P12 originate from levels higher than Bry (levels n=10 and 12
versus n=7), P10/P7 and P12/P7 are more sensitive to the rate at which
the higher levels are populated. This is why the values of P10/P7 and
P12/P7 generally fall more rapidly to their standard values than the
values of Bry/Bra It is also why in model S4 the Paschen line ratios
are more constrained by the magnitude of than Bry/Bra.
We find that in most of the calculations P7 is optically thick
with typical values of x^^ in the range of 10-100. The optical depth
of P12, on the other hand, is usually < 1.
McGregor, Persson, and Cohen (1984) have measured the Paschen
ratios P8/P7 to P14/P7 for 12 sources. Most of them belong to either
the class of highly embedded YSOs or the group of luminous line
emission stars with infrared excesses. They find that the majority of
the sources have P8/P7« 1.0 to 1.6, P10/P7« 0.4 to 0.7, and P12/P7 «
0.3 to 0.9. With the exception of P8/P7, the calculated ratios are in
reasonable agreement with the de-reddened observed ratios. The
highest value of P8/P7 obtained in our model is ^ 0.9. However, the
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observed P8/P7 ratios are uncertain
of P8 by [S III] A9532.
4.4 Discussion
because of possible contamination
In this chapter we have studied the variation of Bry/Bra and
similar line ratios with the physical parameters within the line
emitting gas in the vicinity of a YSO. We find that in general, one
can not identify particular hydrogen line ratios which will serve as
ideal diagnostics for the physical parameters of the emission region.
This is because the emitted values of Bry/Bra and similar line ratios
are very sensitive to a combination of r, N , and N, which affect the
o
line excitation process.
Considering the results for each continuum model individually, a
rough estimate of the relative location of the emission region near a
YSO can be obtained from the variation of Bry/Bra with r (of. Fig
4.4). A contraint on the values of r can be established from the
observed fact that the vast majority of YSOs have Br9r/Bra values
larger than the standard value of ^ 0.43 (see Table 3.1 of Chapter 3
for summary of observed Bry/Bra ratios). This observational result
then requires that r < 3x10^* , 5x10^^ , 5x10^^ and 1.2x10^^ cm for
YSOs of luminosity « 10* , 10^, 10^ and 10 L^, respectively.
If r can be determined, then a limit on the cloud column density
can be furnished from Pf/3/Bry or Br3'/Bra (Figs. 4. 5 and 4.6). This is
because once Bry becomes optically thick, both Pf|3/Brr and Brr/Bra
move very rapidly to their terminal values. The emitted ratios then
157
reflect whether N is larger or smaller than the column density at
which Bry became optically thick.
An estimate of is more difficult. We find that although the
emitted values of Bry/Bra and similar line ratios are sensitive to N
o'
the dispersion is not large enough to allow proper discrimination
between different values of (10^°. lo'\ and 10^^ cm"^). A lower
limit on can be provided from the argument that the sub-Lyman
continuum must be absorbed, in order to generate a Bra line opacity,
within a cloud physical size ^ r/3. For YSOs of L < 10^ L^, its clear
that > 10^^ in order to reproduce the unreddened Bry/Bra ratios.
The average physical properties that we estimate above are
similar to those already deduced from the study of the Bra and Br^-
line luminosities in Chapters 2 and 3. Their relative line fluxes,
however, have the advantage that they are less affected by foreground
extinction and can provide information on line optical depths and
column density.
In order to provide more specific constraints on the physical
parameters individual objects must be modeled independently. This
will require convolving the excitation model with a realistic
kinematic model, and a comparison of calculated line profiles, line
fluxes, and line ratios with observations.
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CHAPTER 5
SUMMARY
5. 1 Hydrogen Excitation Model
We have presented a model for the excitation of hydrogen in the
vicinity of a YSO. The main aspect of the model is that it provides a
means of populating the level n=2 of hydrogen after the Lyman
continuum is depleted. This is accomplished by absorption of the
sub-Lyman continuum between 11 and 13.6 eV by N I excited states and
Ly/3 line wing absorption. In the former process, a sub-Lyman
continuum photon ionizes N I from one of its excited states. The N II
ion that results will very likely undergo a charge-exchange reaction
with a hydrogen atom, leaving behind a H II ion in addition to a
nitrogen atom. Recombination of the H II ion with an electron and the
subsequent cascade populates the n=2 level. Thus the process of N I
excited photoionization (via sub-Lyman continuum absorption) populates
the n=Z level of hydrogen indirectly, by ionizing hydrogen from its
ground state and thus producing a larger recombination rate. The
process of Lyp line wing absorption is also a source for populating
the n=2 level of hydrogen. Because of the broad natural line widths
of the Lyman lines a considerable fraction of the incident continuum
(near 12. 1 eV) can be absorbed by the damping wings. Stimulated
absorption of the incident sub-Lyman continuum by the Ly|3 line wings
then excites the n=3 level of hydrogen. The n=2 level is populated
when the n=3 level decays to the 2s level instead of the ground state.
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Thus the sub-Lyman continuum (11 to 13.6 eV) is the source of
populating the n=2 level of hydrogen via N I excited state
photoionization and Ly/3 line wing absorption. Absorption of the
sub-Lyman continuum by these two processes is slow and requires a
large column density (> 10^^ cm~^). This gives rise to a very large
Lya optical depth, which guarantees that for every excitation of the
n=2 level as a result of a sub-Lyman continuum photon absorbed, many
Balmer continuum photons will be absorbed before the atom is
de-excited back to the ground state. With population in the n=Z level
thus maintained, the strong infrared lines are then produced as a
result of Balmer continuum photoionization.
5.2 Comparison with Observations
We have performed detailed calculations for four YSOs of
2 3 4luminosities ~ 10, 10 , 10 , and 10 L^. We assumed that the energy
distribution in each YSO is similar to that of a ZAMS star of the same
luminosity. For the ~ 10 L^ luminosity YSO, we have also performed
calculations in which the sub-Lyman continuum is a factor of 20 larger
than that predicted for the corresponding ZAMS star, motivated by the
strong UV excesses observed from T Tauri stars (Herbig and Goodrich
1986).
Comparing the theoretical Bra and Bry line fluxes with the
available observational values, we find strong support for the
hydrogen excitation model presented in this dissertation. The model
can account for the observed infrared line fluxes for YSOs of
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Lon
luminosity in the range 10^ > L/L^ > 20 (c.f. Fig. 3.1). An
important result of the model is that it also predicts, as a functi<
of the YSO luminosity, the highest infrared line intensity that can be
produced by the process of Balmer continuum photoionlzation. This
theoretical limit agrees fairly well with that determined from the
observed line fluxes.
For objects of lower luminosity (L < 20 L^). the sub-Lyman
continuum strength we assume is not sufficient to enable absorption of
the necessary Balmer continuum to produce the observed infrared line
fluxes. However, this result is not necessarily a weakness of the
hydrogen excitation model. Although, one possibility is that we have
underestimated the magnitude of the sub-Lyman continuum for these
objects and it is likely that additional sources of energy are
active in these low luminosity objects. Considerable observational
and theoretical effort has been expended over the last decade in
trying to unveil the source producing the strong ultraviolet
excess from T Tauri stars (for a review see Bertout 1984). One
possibility is that mechanical energy is released when magnetic waves
traveling from the stellar interior dissipate part of their
energy into the lower density chromosphere (DeCampli 1981; Hartmann.
Edwards, and Avrett 1982). A more recent approach considers the
process of mass infall (in the form of an accretion disk) as a source
of generating the strong UV flux (Bertout 1987; Kenyon and Hartmann
1987).
An additional test of the model is provided by the hydrogen line
ratios. The most commonly observed line ratios from YSOs are
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Brr/Bra. Pfy/Bra, P8/P7 and P12/P7. Their unreddened values are. in
general, well reproduced by the excitation model and their departure
from the standard optically thin values can be understood in terms of
optical depth effects. Another interesting result is the correlation
between the intrinsic values of Bry/Bra and Pfy/Bra, indicating a
near constancy in the ratio Pfy/Bry (« 0.35). Taking advantage of
this theoretical result we constructed a new method to estimate the
amount of foreground extinction toward YSOs.
5.3 Physical Conditions
Accepting the hydrogen excitation model, we estimated that the
following physical environment is required in order to reproduce
observed Brackett line and radio continuum fluxes and to account for
the non-standard Pfy/Bra and Bry/Bra ratios. Around the YSO is a
physically compact region (ranging from r < 30 AU for a 10* L YSO to
o
r < 0.2 AU for a 10 one), of high nucleon density (~ 10^°- 10^^
~3 23 ""2
cm ), and large column density (~ 10 cm" ), which in turn is
surrounded by a more diffuse and extended halo.
The core region is responsible for generating the strong Brackett
line fluxes and most of the short wavelength (A < 2 cm) free-free
continuum. This is achieved by populating the H I n=2 level by the
absorption of the incident sub-Lyman continuum, followed by Balmer
continuum photoionization. The halo component, on the other hand,
having lower electron density, gas temperature, and column density, is
not able to populate the n=2 level and absorb the Balmer continuum
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escaping from the core. The ionization in this region is produced via
N I excited state photoionization and Lyman continuum photoionization
by the YSO continuum whose emission surface, we assume, is covered
only partly by the compact core. Additional ionization can also
originate from shocked regions upon impact of the high velocity gas
with ambient matter. The halo is optically thin in the free-free
continuum and is responsible for most of the 6 cm flux. This
core-halo emission model also provides an explanation for the observed
range in spectral index at radio wavelengths.
The next step is to convolve the hydrogen excitation model with a
realistic kinematic model. The observed Bra and Bry line profiles are
generally broad (~ 100 km s"') and their structure could shed some
light on the gas dynamics in the vicinity of a YSO.
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APPENDIX A
Calculation Details on Hydrogen Level Population
We limit the hydrogen atom to the 15 levels n=l-15, and assume
complete ^-mixing. Pengelly and Seaton (1964) have shown that, for
ion densities in excess of -10^ cm"^ complete ^-mixing occurs for
levels n^4. For the majority of our calculations the ion density is
indeed > 10 cm
.
When photon trapping is included, owing to optical
depth effects, the condition of complete £-mixing should occur even
more readily. The truncation of the hydrogen levels beyond n=15 is a
compromise between the desire to calculate Paschen line fluxes up to
P13(a=13^n=3) and the practical sense to reduce the amount of
computation. To take into account collisional interactions (which
dominate over radiative ones) between level n=15 and higher ones, we
let yN^^C^^ represent the net rate of population flow from level 15
to all the higher ones. Here N^^ denotes the population (cm""^) in
level 15, and C (s ^) the collisional rate from level 15 to 16.
15, 16
The rate C is about seven times C , so it is reasonable to
n,n+l n,n+2
assume that collisions occur primarily between successive levels. The
factor y is a parameter. Clearly setting y to 0 implies that thermal
equilibrium is established among levels 15 and above, so that there is
no net population flow among them, while setting y to 1 implies that
every collisional excitation from level 15 eventually produces an
ionization. We obtain a rough estimate of y as follow. The results
of numerical calculations show that the n=13->14 and n=14->15 excitation
temperatures are generally higher than 3000 K, while the gas
temperature is about 5500 K. If the n=15^16 excitation temperature
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were 3000 K, y would be 0 013 Wi 1-h r k • .u.uij. th C^^^^^ being ~ 60 times the
collisional ionization rate from level 15. the rate of ionization via
collisional excitation to higher levels is then comparable to the rate
of direct collisional ionization. We have performed several tests
with being 0 or 0.04. The level populations and line fluxes differ
by less than 5% between the two choices. This difference is
sufficiently small that we have henceforth set y to 0.
We obtain hydrogen photoionization cross sections from Allen
(1973). and radiative recombination coefficients from Seaton (1959).
The radiative recombination coefficients to levels n=l and 2 have to
be modified, in order to account for trapping of the diffuse Lyman and
Balmer continua. These modifications are described in Section 2.2.4.
The Paschen and higher order continuum opacities are all less than 0.1
in the calculations performed, so those recombination coefficients as
obtained from Seaton (1959) are appropriate. We ignore stimulated
recombination by the stellar continuum. With the clouds generally
situated more than several stellar radii away, we do not judge this
process to be important, compared with spontaneous radiative
recombination, for recombinations to levels n:£l5. We use the formulas
given in Johnson (1972) to calculated the rate coefficients for
collisional ionization and transitions between levels, and determine
the three-body recombination coefficients by detailed balance. These
collisional coefficients are uncertain, but hopefully they form a
self-consistent set. We use power-law formulas to model approximately
the temperature dependences of the radiative recombination, three-body
recombination, and collisional de-excitation coefficients. For the
ionization from level n=2 by Mg II A2798, and Fe II multiplets, the
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rates at which those line photons ionize hydrogen, with their large
optical depths taken into consideration, have been derived in papers
on quasar emission lines (Kwan and Krolik 1981; Kwan 1986), and we
adopt them here.
The wavelength of Ly/3 matches, to within ~ 1 thermal Doppler
width, the wavelength of one component in the transition between the
ground state and the excited state 3d of 0 I. A Lyp photon within
the thermal Doppler core can then be absorbed by an 0 I atom, and the
subsequent radiative decay of the excited state 3d V can occur
either directly to the ground state or indirectly via emitting a
A11287 photon, followed by a A8446 one and a A1304 one. This
fluorescence mechanism is the dominant means of producing the
afore-mentioned 0 I lines in quasars and AGN, and works in that area
have developed the rate of depopulating hydrogen level n=3 as a result
of this mechanism {e.g., Kwan and Krolik 1981; Kwan 1984). We include
that rate in calculating the hydrogen level population.
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APPENDIX B
Determination of Stark Broadening Parameters
Our approach in determining these parameters is similar to that
of Drake and Ulrich (1980). They estimated those parameters for as
a function of from the profile tables of Vidal, Cooper, and Smith
(1973). Whereas they used the same parameters for all their H I
lines, we try to determine them for each line in the Balmer, Paschen,
and higher series. Vidal, Cooper, and Smith (1973) have produced
normalized Stark broadened profiles for the first four Lyman and
Balmer lines. These profiles cover the wavelength range from the
impact limit at line center to the quasi-static limit at line wings
(Holtzmark regime). We estimate the Stark broadening parameter for
each of the first four Balmer lines by fitting the tabulated profile
to the analytic Voigt form:
0(p) = —
^ 3/2
71
(-Z ) ,
? ^
.
(Bl)
(z-p) + a
-00
where p = (i^-i^ )/Ai^ , Ai^ = (2kT/m, )^''Vc, and a= a + a. /p^^. The
^ ODDOH RS
parameter a^ represents the part of the natural broadening, and is
eiven bv f /4TrAi' ' , where T is the sum of the spontaneous emission
^ R D R
rates from the upper and lower levels of the transition. The
parameter a^ represents the part of Stark broadening, and is given by
a = c c^''^(N /5xl0*° cm"^)/t4TrAi^^^^ 10*X ], (B2)
s s e DO
where the line center wavelength \^ is measured in cm. Fitting a
tabulated profile by the form in equation (Bl) then establishes the
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tabulated profile by the form in equation (Bl) then establishes the
parameter for the line. Because the profiles given by Vidal.
Cooper, and Smith (1973) do not include natural broadening, we set a
R
to zero in doing the fitting, but retain its full value in calculating
the escape probability from 0(p). In the same way. but using the
tables of Underhill and Waddell (1959). we determine the parameter c
s
for each of the first four Paschen and Brackett lines. These values
of c^ are listed in Table B.l. For the rest of the lines we determine
c^ by making use of the asymptotic behavior of the line profile in the
Holtzmark regime derived by Griem (1960):
S(AA) 1.5 fI'^ kY^^ (AA)-^"^ (B3)
where AA is measured in X, F has a numerical value of 1 25x10^ N^"^^
° e
'
^lu ^ 5-5x10
^ (£u)V(u^- £^) with £ and u being the quantum
number n of the lower and upper level respectively. By comparing the
asymptotic form of the Voigt profile at large p (eq. [Bl]) with
equation (B3) we obtain
c^ = 1.92x10^ (£u)^(a^- £^)^^^ cm°-^ s~\ (B4)
For the Balmer. Paschen, and Brackett lines that do not have tabulated
Stark broadened profiles available we obtain c^ by multiplying
equation (B4) by a scalar factor in order to Join it smoothly to those
values determined from tabulated profiles. This factor is 2.4, 1.19,
and 1.35 for the Balmer, Paschen, and Brackett lines respectively.
For the Pfund and higher series we simply use equation (B4) to obtain
c .
s
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Table B.
1
stark Broadening Parameters
Line c (cm s J
s
Ha l.Oxlo''
7. Sxio"^
Hy 1.8x10^
Hd 3. 5x10^
roc 5. 0x10^
1.7x10^
Py 4.5x10^
P5 7.0x10^
Bra 1.7x10^
Br/3 7. 0x10^
Bry 1.2x10^
Br5 1. 8x10^
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APPENDIX C
Photon Escap. Probability Upon Complete Frequency Redistribut ion
we find that an analytical expression for this probability can be
Obtained by first approximating the Volgt profile (eq. (BID by
*(p) ~ f\ ^"P'-P^) t a 1
where f. the factor needed to normalize #(p), is
J
.
(CI)
s
The Photon escape probability from the mid-plane of a uniform slab of
total optical depth 2t at line center Is then
00
_{I0(P)
J
mx) =
J «(p,
e dp,
,C3,
-00
where 0(0). the profile value at line center needed to define t. is
1/2given by f/n
.
Using 0(p) as given by equation (CI), we find, to a
high degree of accuracy,
P(T) « [1 - e^^'^/T, T ^ 2;
T(7r £n(T))'^^ L „i/2ji + ^^(^) + [a + a /(£a(T) )'^']^]J
R S
'^(-T7?-) ^-^^ (C4)
^ " ^ Tr'^^[l + £n(T) + (a* )^ ] -I
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Here a' = a + s
and erf is the error function.
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APPENDIX D
Account of the Diffuse Balmer Continuum
The transfer of the diffuse Balmer continuum can be solved exactly
if N^Np/N^ is a constant. That term varies by < 25% through the cloud
in most of our calculated cases. If it is approximated by a constant,
the contribution of the diffuse Balmer continuum to ionization of
hydrogen can then be taken into account by using an effective
recombination coefficient to level n=2 given by
where and x^ are the Balmer edge optical depths from the
illuminated and back surfaces respectively, and the factor g, which
takes account of the continuum emission profile, is
g(T T) = [1 + 0.35 x^(T/10V)°-''^ + 0.09 X ^(T/10*K) ] (D2)
for T ^ 2xl0'* K, and x < 3. As can be seen from equation (Dl), a'
B 2
approaches a when x and x' are << 1, and approaches zero when x2 B B Q
and x' are >> 1. As the calculation advances from the illuminated
surface into the cloud the value of x^ is not known. Allowing for the
possibility that the diffuse Balmer continuum emergent from one cloud
may be intercepted by another cloud, so that the incident Balmer
continuum flux may be slightly higher than that from the YSO, and
generally attempting to make maximum use of the Balmer continuum, we
simply set x^ to oo, even though in most of the calculated cases the
total Balmer continuum opacity through the cloud is less than unity.
Consistent with the above effective recombination coefficient, the
172
rata of cooUng due to recombination to level n=2 Is determined to be
1 f 1 r\ ^ 2 "2 ^' ^ (0-9 kT)[l + 0.57t^(T/10\)°-^*
+ 0. 19T^2^^/jQ4j^^o.84j (D3)
173
APPENDIX E
Observational Data Sample
In order to compare our model results with available
observations, we have compiled the H I infrared line and radio
continuum observations for 29 sources. This data base is summarized
in Tables E. 1 and E.2. The second column in Table E. 1 lists the
source name, and columns three and four list its observed luminosity
and distance. For some objects these two properties are not well
established, and the reader should consult the references listed for
the uncertainties present. For S106 IRS4, BN, and S140 IRSl, in
particular, their luminosities are estimated to be i 10*, 10^-10*, and
3 4
10 -10 respectively. In order to utilize their data in figure
plots, we have fixed their luminosities at 10*, 3x10^, and 3x10^ L
o
respectively. Columns 5,6, and 7 list the observed Bra, Bry, and Pfy
fluxes uncorrected for extinction. Bra has been detected in 28 of
the listed sources; Bry in 25; but Pfy in only 16. This table has not
listed all the objects with Bry measurements, but includes most of
the YSOs with Bra and Pfy detected so far.
The radio continuum observations are summarized in Table E.2.
Columns 3 and 4 list the observed radio continuum at 6 and 1.3 cm, and
column 5 lists the measured spectral index (S « i»° ) between 6 and 1.3
cm (or between 6 and 2 cm if no 1.3 cm flux is listed).
The observational data sample includes 5 T Tauri stars. They are
T Tau, DG Tau, HL Tau, RY Tau, and AB Aur. It also includes seven
emission line stars. They are Z CMa, LkHa 101, R Mon, LkHa 198, V380
Ori, MWC 1080 and MWC 349. The source G333. 6 is a standard H II
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region. The YSO S106 IRS4 has been referred to as S106 IRS3 (Persson
et ai. 1984). and GL 989 as NGC 2264 (Wynn-Williams 1982).
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Table E.
1
Summary of H I IR Line Observations of YSOs
Source log(L/L^) D
(kpc)
Bra Bry Pfy
(10 erg s cm )
Refs.
1 S106 IRS4 4. 0 0. 6 25 5. 3 o . ^ 11
2 NGC 6334 IRSl 4. 3 1. 7 11 0. 33 1I
3 GL 961 3. 8 1. 4 8 1 . 0 1 7 1 o
4 M17 IRSl 3. 5 2. 5 5. 4 1 A1 . ft 1 /I c o1,4,5,8
5 GL 490 3. 0 0. 9 3.6 0.7 1.5 1,4,6
6 BN 3. 5 0. 5 18 1 . 9 3 4 1 A 1 9
7 S140 IRSl 3. 5 0. 9 0. 94 <0. 17 0 9d 1 'in
8 T Tau 1. 6 0. 15 1. 35 0. 52 0 Id 7 1 A
9 DG Tau 0. 8 0. 15 0. 56 0. 67 7
10 Z CMa 3. 8 1. 15 3. 1 2.0 <1.8 7
11 HL Tau 0. 9 0, 15 0. 6 0. 21 <0. 4 7 1
6
12 LkHa 101 4. 0 0. 8 160 34 25 8, 28
13 R Mon 3. 0 0. 8 3. 5 <0. 3 7 29 30
14 M8 E IR 4. 4 1. 5 1.6 0. 46 20
1 c: eo7 TDcioo / irvoi Afi. J 2. 0 4 2
16 LkHa 198 3. 0 0. 95 0. 66 0. 44 <0. 4 7
17 AB Aur 1. 6 0. 15 3. 3 3.2 1. 1 7
18 V380 Ori 2. 1 0. 48 1. 25 1. 15 0. 56 7
19 NGC 2024 IRS2 3. 6 0. 50 9 2.5 11
20 B5 IRSl 1. 0 0. 33 0. 19 <0. 16 10
21 Mon R2 IRSl 4. 5 0. 95 17. 5 1.6 2. 1 1
22 MWC 1080 3. 8 2. 2 2.6 2.6 1. 1 7
23 RY Tau 1. 1 0. 15 0. 03 16,27
24 GL 989 3. 6 0. 8 5. 3 1.7 29, 32
25 S235 B 3. 0 1. 8 3. 3 1.6 23, 43
26 MWC 349 4. 6 1. 2 210 90 18
27 G5. 9 5. 3 2. 5 16.5 0.26 2.2 21,22
28 G328.
3
5. 8 7. 0 14. 0 0. 66 2. 4 21,22
29 G333.
6
6. 5 3. 5 2.25 0. 28 0. 26 25,26
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Table E.
2
Summary of Radio Continuum Observations of YSOs
Source 6 cm
(mJy)
1
. 3 cm
(mJy)
Refs.
1 SinA TRc;/i 4. 8 16
2 I'Ov^ DoOH irio 1200 1150
3 GL 961 0. 9
4 M17 IRSl 4 <2.5
5 GL 490 0.5 3.2
6 BN < z 22
7 6 14. 6
8 T Tau 0. 7
9 DG TAu 0.6
10 Z CMa 2.0
1 1 HI TailriL. 1 au 0, 25
I VWn 1 n
1
L.K.n(X 1 u i 24. 6
13 R Mon > <o. 17
14 M8 E IR < 1
15 S87 IRSl 38
16 I VWn 1 QR
17 AB Aur
. ID
18 V380 Ori <0. 16
19 NGC 2024 IRS2 2.8
20 B5 IRSl <0.4
21 Mon R2 IRSl
22 MWC 1080 <0. 43
23 RY Tau <0.27
24 GL 989 < 5
25 S235 B < 5
26 MWC 349 155
27 G5. 9
28 G328.
3
29 G333.
6
0.8
0.0
0. 9
0
1.2
2
0. 5
1
0. 6
0.7
1.2
1.3
2,9
1.4
1.6
4, 13
1.4
7, 14. 15
7, 15
7, 15
7
15. 17
7, 17
20
2
7
7
7
9
10
7
7
24
44
19
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References to Tables E. 1 and E. 2
1. Simon et al. 1983
2. Bally and Predmore 1983
3. Rodriguez, Canto and Moran 1982
4. Simon et al. 1981
5. McGregor, Persson and Cohen 1984
6. Campbell, Persson and McGregor 1986
7. Evans et al. 1987
8. Persson et al. 1984
9. Snell and Bally 1986
10. Smith et al. 1987
11. Chalabaev and Lena 1986
12. Scoville et al. 1983
13. Moran et al. 1983
14. Schwartz, Simon and Campbell 1986
15. Bieging, Cohen and Schwartz 1984
16. Thompson 1987
17. Cohen, Bieging and Schwartz 1982
18. Hamann and Simon 1986
19. White and Becker 1985
20. Simon et al. 1984
21. Moorwood and Salinary 1983
22. Oliva and Moorwood 1986
23. Krassner et al. 1982
24. Greenberg et al. 1979
25. Hofmann et al. 1986
26. Landini et al. 1984
27. Hamann, Simon and Rldgway 1988
28. Simon and Cassar 1984
29. Simon, Simon and Joyce 1979
30. Thompson and Tokunaga 1979a
31. Thompson and Tokunaga 1979b
32. Thompson and Tokunaga 1978
33. Cohen and Kuhi 1979
34. Felli et al. 1984
35. Felli et al. 1985
36. Persson et al. 1976
37. Rank et al. 1978
38. Cohen et al. 1985
39. Jiang et al. 1984
40. Kuhi 1974
41. Cohen 1983
42. Finkenzeller and Mundt 1984
43. Thompson, Thronson and Campbell 1983
44. Israel and Felli 1978
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